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A 1 1ST RAO 



Protocols for designing and implementing sets of simulta- 
neous experiments, in a parallel, multi-variable process 
optimization reactor, are disclosed. The mu It i- variable pro- 
cess optimization reactor is preferably a parallel How reactor 
having the operational capability to simultaneously vary 
reaction conditions between reaction vessels — either modu- 
larly or independently. The simultaneously varied reaction 
conditions preferably include a I least two of the following, 
in various combinations and permutations: space velocity, 
contact lime, temperature, pressure and feed composition. 
Compositional variations in the catalysts residing in each of 
the reaction vessels can also be investigated in the set of 
simultaneous experiments implemented in the parallel reac- 
tor. Sufficient data is obtained from a single set of simulta- 
neous experiments to generate a master curve. 
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M Kl HODS I OR ANALYSIS OK H ICTKR4 WJKN Hi >US 
CATALYS'I S IN A MULTI-VARIABU; SCRKICNINC 
RKACTOR 

[IN MM] This application claims the benefit of co-owned, 
c»»- pending U.S. provisional paleni application Scr. No. 
<><) 2 In. 777 ciililk'cl "1 ligh-Throughpul Methods for livalu- 
ating Heterogeneous Catalysts" filed Jul. 7, 2000 by llagc- 
mcu r el a I., which is hereby incorporated by reference in its 
entirely l»»r all purposes. ;ind additionally, this application is 
a ci»iiiinuaiinn-in-pari of. and claims priority to, each of the 
following U.S. co-owned, co-pending, U.S. patent applica- 
tions (ilScr. No. IH) 51 N.794, entitled "Chemical Processing 
Micros) stems. I >ilViision-Mi\ed Microrcaclors and Methods 
for Picp.iring and Using Same", tiled Mar. 3, 2000 by Bergh 
el al. (which itself claims priority to commonly owned, 
co-pending U.S. paleni application Ser. No. 00/1 22,704 filed 
Mar. V I entitled "Chemical Processing Microsystems, 
Diffusion-Mixed Microrcaclors and Methods for Preparing 
and Using Same"): (ii) Ser. No. 09/80 1, 390 entitled "Parallel 
1 low Pioccss ( )ptimi/.aiion Reactor"' filed Mar. 7, 2001 by 
Bergh el .il (which itself is a continuation-in-part application 
of the alorcmculioncd U.S. Ser. No. 09/518,794, and claims 
prior ii \ i.. cti-owneil U.S. patent application Ser. No. 
(>0 I,sT.5i»ii enlilled "Apparatus and Methods for Mulli- 
Variabk ( >pl imi/alion of Reaction Systems and Other 
( 'hemic. il Piocessjiig Microsystems", filed Mar. 7, 2000 by 
Bergh el a I., and in co-owned U.S. paleni application Ser. 
No. on 22*V>N-J entitled "Apparatus and Methods for Opti- 
mization of Process Variables in Reaction Systems and 
Other ( "hcrnical Processing Systems", filed Sep. 2, 2001 by 
Heigh el al ); anil Ser. No. 09/801,389 enlilled "Parallel 
f low Reactor I hiving Variable Peed Composition" filed 
Mar. 7. 2ml hy Bergh el :i I. (which itself claims priority to 
the aforementioned co-owned U.S. paleni applications Ser. 
No. on |N7.5(»(. ami Ser. No. 60/229,984), each of which is 
hereby incorporaieil by reference in its entirely for all 
purposes. 

BA< K( iRC >UNI) OP T1IU INVENTION 

[1)002] Heterogenous catalysis have a variety of known 
applications, in diverse fields including commodity chemi- 
cals and line chemicals. Il has long been recognized, how- 
ever, that the catalytic activity and/or selectivity of hetero- 
geneous catalysis can vary substantially due to many factors. 
Paclors known lo have a potential ell eel on catalytic activity 
and or selectivity are described, for example, by Wijn- 
gaarden el al.. "Industrial Catalysts — Optimizing Catalysts 
and Processes'*. Wiley-VCI I, (icrmany (1998). 

[0003] Combinatorial (i.e.. high-throughput) approaches 
for evaluation of catalysts and or process conditions are also 
known in the art. See. for example, U.S. Pat. No. 5.985,356 
to Schull/ el al. U.S. Pal. No. 6.004,017 to Schullz ct al.. 
U.S. Pal. No. 11.030.917 to Weinberg et al., U.S. Pal. No. 
5.959.2*J7 to Weinberg ct al., U.S. Pal. No. 6.149,882 to 
(iuan el al.. U.S. Pat. No. 6,087,181 lo Cong, U.S. Pal. No. 
6.063.033 to Willson. U.S. Pal. No. 6.175.409 lo Nielsen el 
al.. and PCT paleni applications WO 00/09255, WO 
00 I 74 1 3. W( ) (Ml 51 720, W( > 00 14529, each of which U.S. 
patents and each of w hich P< T paleni applications, together 
with its corresponding U.S. application(s), is hereby incor- 
porated by reference in its entirely lor all purposes. Con- 
side ret I individually anil cumulatively, these references 
leach the synthesis and screening of arrays of d i verse- 



male rials, and generally, of spatially-determinative arrays of 
diverse materials. Typical approaches involve primary syn- 
thesis and screening (high-throughput "discovery"' screen- 
ing) followed by secondary synthesis and screening (more 
moderate-throughput "optimization" screening), and option- 
ally, followed by ternary synlhesis and screening (e.g., 
typically traditional "bench scale'* screening). These refer- 
ences also describe screening strategies in which composi- 
lionally-varying arrays are prepared (e.g., as part of a 
primary or secondary screen) first with broadly- varied gra-- 
dienis. Subsequently, "focused" libraries comprising more 
narrowly-varied gradients are prepared and screened (e.g., al 
ihe same level of screen) based on the results of the lirsl 
screen. Such libraries or arrays of diverse materials such as 
catalysts can comprise binary, ternary and higher order 
compositional variations. See, for example. WO 00/17413 
(as well as its corresponding U.S. application, Ser. No. 
09/156,827 filed Sep. 18, 1998 by Giaquinla el al.) and WO 
00/51720, (as well as ils corresponding U.S. application, 
Ser. No. 09/518,794 filed Mar. 3, 2000 by Bergh et al.), each 
of which U.S. and PCT applications are hereby incorporated 
by reference in ils enlirety for all purposes. 

[0004] More recently, high-th rough pul process optimiza- 
tion, including process optimization in parallel How reactors 
has also been described. See, for example. WO 00/51720, 
(as well as ils corresponding U.S. application, Ser. No. 
09/518,794 filed Mar. 3, 2000 hy Bergh et al.). Additional 
recent developments include parallel flow reactors suitable 
lor evaluating heterogeneous catalysts and having substan- 
tial capability for simultaneous, multi-variable optimization. 
See, for example, U.S. patent applications Ser. No. 60/185, 
566 filed Mar. 7, 2000 by Bergh et al., Ser. No. 60/229,984 
lilcd Sep. 2, 2000 by Bergh el al., Ser. No. 09/801,390 lilcd 
Mar. 7, 2001 by Bergh el al., and Ser. No. 09/801,389 filed 
Mar. 7, 2001 by Bergh el al., each of which U.S. and PCT 
applications are hereby incorporated by reference in ils 
entirely for all purposes. 

[0005] The efficiency of a catalyst discovery program is, in 
general, limited by rate-limiling steps of the overall process 
work How. Additionally, high throughput approaches still 
require substantial el forts to explore vast compositional 
space. As such, current approaches, while ollering substan- 
tial advances over previous traditional, lower-lhroughpul 
approaches, can si ill be improved with respect lo overall 
clllcieney. Hence, there is a need in the arl for improved 
overall research work Hows for developing and evaluating 
heterogeneous catalysts for a particular reaction of interest. 
In particular, a need exisls for more cfllcieni, meaningful 
approaches for identifying new helerogeneous ca la lysis. 

[0006] More specifically, a need exisls for improved pro- 
tocols for efficiently evaluating helerogeneous catalysis in 
mulli-variable process optimization reactors. Although sub- 
stantial advances have been made with respect to reaction- 
based screening of such catalyst candidates, relatively fewer 
advances have focused on how to apply such evolving 
screening capabilities. 

SUMMARY OP INVENTION 

[0007] It is therefore an object of the present invention lo 
provide improved methodologies for evaluating catalysts, 
and especially heterogeneous catalysis, in mulli-variable 
process optimization reactors. It is also an object of the 
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invention lo provide for reaction-based screening strategics 
and protocols that improve the overall efficiency of a com- 
binatorial (i.e., high-throughput) catalysis research program, 
especially a heterogeneous catalysis research program. 

[0008] Brie 11 y, therefore, the present invention is directed 
lo methods for evaluating process conditions Tor a cataly/.ed 
chemical reaction in a parallel How reactor. The parallel How 
reactor comprises Tour or more reaction vessels, and pref- 
erably six or more reaction vessels. One or more reaclants 
are simultaneously supplied through a lluid distribution 
system lo each of four or more, preferably six or more 
reactors of the parallel How reactor under reaction condi- 
tions lo effect a chemical reaction of interest. The reaction 
conditions are controllably varied between each of the four 
or more, preferably six or more reactors, such that mean- 
ingful master-curve (selectivity vs. conversion) data can be 
obtained in a single set of simultaneous experiments. The 
controllably variable set of reaction conditions associated 
with each reaction /one can preferably include two or more 
of space velocity, contact time, temperature, pressure and 
feed composition. A reactor effluent containing one or more 
reaction products and, in some cases, one or more unreacled 
react ants is simultaneously discharged from each of the six 
or more reactors. Lach of the four or more, preferably six or 
more reactor effluent streams can be sampled and analyzed, 
preferably simultaneously analyzed (of each llow channel or 
of some subset thereof), to determine the conversion of one 
or more of the reaclants, and the select ivily for at least one 
reaction product for the reaction of i merest, liach of the six 
or more reactors comprises a catalyst having activity for ihe 
chemical reaction of interest. In general, depending on the 
number of reaction vessels in the parallel reactor, at least two 
or more, preferably at least four or more, and in some 
embodiments at least six or more of the catalysts are 
substantially the same — such that they have substantially the 
same composition and/or were prepared by substantially the 
same synthesis protocols with substantially the same com- 
positional recipe and/or were prepared by substantially the 
same mechanical (e.g., grinding, pressing, crushing, sieving) 
treatments, chemical treatments, and/or physical treatments. 

[0009] In preferred embodiments, the one or more sets of 
reaction conditions are controllably varied such that a deter- 
mined conversion (e.g., the conversion of the eonvcrsion- 
limiling reactant) and a determined selectivity for one or 
more reaction products of the reaction of interest includes at 
least two, preferably at least three, preferably at least four, 
more preferably at least live and most preferably at least six 
data values for each of the catalyst compositions being 
evaluated. The determined data values for conversion (e.g., 
of a conversion-limiting reactant) preferably span a range of 
values that relate to the conversion range of interest for the 
chemical reaction, such that a meaningful master curve can 
be generated for each of the catalyst compositions being 
evaluated. Generally, the determined conversion values 
include four or more values, preferably six or more values, 
that span a range of at least about 5% conversion, preferably 
at least about 10% conversion dilference, and more prefer- 
ably at least about 20% conversion difference between the 
highest and lowest of such values, and for many reactions of 
interest, even more preferably at least about 30%, 40%, 50% 
or 60% conversion difference between the highest and 
lowest of such values. In some embodiments, the determined 
conversion values (e.g., of the conversion-limiting reactant) 
include four or more values, preferably six or more values 



ranging from less than about 20% conversion lo more than 
about 40% conversion. Preferably, the set of reaction con- 
ditions are varied in the single sel of simultaneous parallel 
reactions such that the determined conversion values (e.g., 
of the conversion-limiting reactant) include a range of four 
or more values, preferably six or more values, ranging from 
less than about 15% conversion to more than about 45% 
conversion, preferably ranging from less than about 10% 
conversion to more lhan about 50% conversion, and in some 
embodiments, ranging from less lhan about 1 0% conversion 
to more than about 70% conversion, or even ranging from 
less lhan about 10 % conversion to more lhan about 80% 
conversion. For some reactions of interest, relatively lower 
conversions are commercially significant, and therefore, the 
determined conversion values (e.g., of the conversion-lim- 
iting reactant) include three or more values, preferably four 
or more values, more preferably six or more values ranging 
from about 2% or less lo more lhan about 5%, preferably 
from about \% or less lo more lhan about 10% conversion, 
more preferably from about 1% or less to more lhan about 
15%. 

[0010] According lo one preferred method, a parallel 
reactor having six or more reaction vessels is loaded with a 
set of six or more catalyst having substantially the same 
composition. A sel of reaction conditions is controllably 
varied between the six or more reaction vessels. In a 
variation of this emlx>dimcnl, a parallel reactor having 
twelve or more reaction vessels is loaded with a set of twelve 
or more catalysis having substantially the same composition. 
A first set of reaction conditions is controllably varied 
between a first set of six or more reactors, and a second set 
of reaction conditions is controllably varied between a 
second sel of six or more reactors. In each of these varia- 
tions, the particular combinations of varied reaction condi- 
tions can include permutations of the binary and tertiary and 
quaternary combinations of space velocity, conlacl time, 
temperature, pressure and feed composition. Variations in 
feed composition with one or more of the other parameters 
are particularly preferred. 

[0011] In another preferred embodiment, a parallel reactor 
having twelve or more reaction vessels is loaded with twelve 
or more catalysis — each having activity for the chemical 
reaction of inlerest. A first set of the Iwelve or more catalysts 
can be six or more first catalysts that have substantially the 
same first composition, and a second set of the Iwelve or 
more catalysts can be six or more second catalysts that have 
substantially the same second composition. A first set of 
reaction conditions is controllably varied between ihe reac- 
tion vessels comprising ihe first sel of catalysts, and simul- 
taneously therewith, a second sel of reaction conditions is 
controllably varied between the reaction vessels comprising 
the second set of catalysts. For each of the first and second 
sets of reaction conditions, the particular combinations of 
varied reaction conditions can include permutations of the 
binary and tertiary and quaternary combinations of space 
velocity, contact lime, temperature, pressure and feed com- 
position. Variations in feed composition with one or more of 
the other parameters are particularly preferred. 

[0012] In a further preferred embodiment, a parallel reac- 
tor having sixleen or more reaction vessels is loaded with 
sixteen or more ealalysls — each having activity for the 
chemical reaction of interest. The sixteen or more catalysis 
include at least four sets of catalysts, each sel having four or 
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more catalysis, including a first set of four or more of ihc 
catalysis having substantially the same first composition, a 
second set of lour or more of the catalysts having substan- 
tia lly the same second composition, a third set of Tour or 
more of the catalysts having substantially the same third 
composition, and a fourth set of lour or more of the catalysis 
having substantially the same fourth composition. A sei of 
reaction conditions is control lably varied between the six- 
teen or more reaction vessels — preferably such lhal at least 
one catalyst from each of the first, second, third and fourth 
sets of catalysts sees each of the varied read ion condition 
parameters, although not necessarily each combination of 
reaction conditions. In a preferred variation on ihis embodi- 
ment, the parallel reactor has twenty -four or more reaction 
vessels. Twenty-four or more catalysis, each having activity 
lor the reaction of interest, are employed as four sets of 
catalysts, with each set having six or more catalysts of 
substantially the same composition. The particular combi- 
nations of varied reaction conditions can include permuta- 
tions of the binary and tertiary and quaternary combinations 
of space velocity, contact lime, temperature, pressure and 
feed composition. Variations in feed composition with one 
or more of the other parameters arc particularly preferred. 

[(MM 3] I -or each of the aforedescribed preferred embodi- 
ments, exemplary binary combinations include, indepen- 
dently: (i) simultaneous controlled variations in contact time 
and one of temperature, pressure, space velocity or feed 
composition; (ii) simultaneous controlled variation in space 
velocity and one of temperature, pressure, contact lime, or 
feed composition; (iii) simultaneous controlled variations in 
feed composition and one of space velocity, contact lime, 
temperature or pressure; and (iv) simultaneous controlled 
variations in temperature and one of pressure, space veloc- 
ity, contact lime and feed composition. lixcmplary tertiary 
combinations of reaction parameters include, independently: 
(i) simultaneous controlled variations in contact time, and 
two of temperature, pressure, space velocity or feed com- 
position; (ii) simultaneous controlled variation in space 
velocity and two of temperature, pressure, contact time, or 
feed composition; (iii) simultaneous controlled variations in 
feed composition and two of space velocity, contact time, 
lemperalure or pressure; and (iv) simultaneous controlled 
variations in temperature and two of pressure, space veloc- 
ity, conlaci time and feed composition, except in each case, 
that only two of space velocity, contact time and feed 
composition are independenlly varied. Lxemplary quater- 
nary combinations of reaction parameters include, indepen- 
denlly: (i) simultaneous controlled variations in conlaci 
lime, and three of lemperalure, pressure, space velocity or 
feed composition; (ii) simultaneous controlled variation in 
space velocity and three of lemperalure, pressure, conlaci 
lime, or feed com posil ion; (iii) simultaneous controlled 
variations in feed composition and three of space velocity, 
contact lime, temperature or pressure; and (iv) simultaneous 
controlled variations in temperature and three of pressure, 
space velocity, contact lime and feed composition, except, in 
each case, that only two of space velocity, conlaci lime and 
feed composition are independently varied. 

[0014] The present inveniion oilers substantial advantages 
over many aspects of current combinatorial (i.e., high- 
throughput) research approaches. In particular, ii allows for 
very rapid, single-experimenl evaluation of catalysts in a 
complex, multiple-variable environment. 



[0015] Although desenbed herein primarily in the context 
of heterogeneous calaly.* is research, more specifically, in 
connection with heterogeneous catalysis evaluation in par- 
allel flow reactors, and more particularly in heterogeneous 
catalysis evaluation of gas-phase chemical reactions, it will 
be appreciated that many aspects of the inventions disclosed 
and claimed herein also Jind application in connection with 
homogeneous catalysis research, with heterogeneous or 
homogeneous catalysis evaluation in semi-continuous or 
batch reactors, and in hclerogeneous or homogeneous 
catalysis evaluation ofliquid-pha.se chemical reactions or in 
two-phase or three-phase chemical reactions such as gas- 
liquid chemical reactions (e.g., in a plurality of irickle-bed 
reactors). 

[0016] Other features, objects and advantages of the 
present inveniion will be in part apparent to those skilled in 
art and in part pointed out hereinafter. All references cited in 
I he instant specification are incorporated by reference for all 
purposes. Moreover, as the patent and non-patent literature 
relating to the subject matter disclosed and/or claimed herein 
is substantial, many relevant references are available to a 
skilled artisan lhal will provide further instruction with 
respect to such subject matter. 

imiiii-' DuscRimoN oftul* drawings 

[0017] FIG. I is a schematic diagram indicating the major 
steps in a comprehensive combinatorial (i.e., high-lhrough- 
pul) research program for heterogeneous catalysis. 

[0018] FIG. 2A through FIG. 21 include schematic dia- 
grams representing a parallel, multi-variable process opti- 
mization reactor (FIG. 2A), several schematic representa- 
tions of experimental protocols for a simultaneous set of 
experiments in a parallel multi-variable process optimiza- 
tion reactor (FIG. 213 through FIG. 2K), and several sche- 
matic representations, in various detail, of a parallel, multi- 
variable process optimization reactor (FIG.2F through FIG. 
21). 

[0019] FIGS. 3A and 313 are schematic diagrams repre- 
senting catalyst evaluation protocols that include prescreen- 
ing of a representative composition al various process con- 
d it ions (FIG. 3A), wilh subsequent evaluation of a related 
compositional library at a determined preferred process 
condition (FIG. 313). 

[0020] FIGS. 4A and 413 are schematic diagrams repre- 
senting catalyst evaluation protocols that include preparing 
a represenialive composition under various synthesis con- 
ditions (FIG. 4A), with subsequent evaluation of the vari- 
ously-prepared representative composition a I various pro- 
cess conditions (FIG. 413). 

[0021] FIGS. 5A through 5\i are a schematic represen- 
tation of an combinatorial experiment design involving 
varied process conditions and a library comprising varied 
compositions including repealed samples of a representative 
composition (FIG. 5A) and plots showing a master curve of 
determined selectivity values versus determined conversion 
values for simultaneous evaluation of the varied process 
conditions and varied compositions in the library with 
predictive interpolation or extrapolation (FIG. 513 through 
FIG. SIC). 

[0022] FIG. 6 is a plot showing master curves of deter- 
mined selectivity values versus determined conversion val- 
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mcs lor each of three catalyst compositions (cl, c2, c3) 
evaluated al systematically varied process conditions. 

[0023] FIGS. 7A iind 715 are schematic diagrams repre- 
senting catalyst library synthesis schemes, including prior 
an single-pot synthesis protocols (FIG. 7A) and selective, 
active -phase synthesis protocols (FIG. 71 J). 

[<MI24] l ite invention is described in further detail below 
with reference to the figures, in which like items are num- 
bered the same in the several figures. 

DLTAII.LI) DESCRIPTION OF TIIU 
INVENTION 

[0025 1 Nil present invention involves protocols for 
designing and implementing sets of simultaneous experi- 
ments, in a parallel, multi-variable process optimization 
reactor. The multi-variable process optimization reactor is 
preferably a parallel How reactor having the operational 
capability to simultaneously and cont roll ably vary reaction 
conditions between reaction vessels — either mod u lady or 
independently. The simultaneously varied reaction condi- 
tions pieferably include a I least two of the following, in 
various combinations and permutations: space velocity, con- 
tact lime, temperature, pressure and feed composition. Com- 
positional variations in the catalysts residing in each of the 
reaction vessels can also be investigated in the set of 
simultaneous experiments implemented in the parallel reac- 
tor. A preferred multi-variable process optimization reactor 
is disclosed in co-owned, co-pending U.S. patent application 
Ser. No OU IN.S.500 tiled Mar. 7, 2000 by Bergh et al., U.S. 
Ser N... oo NOI..VJO Hied Mar. 7, 2001 by liergh el al., U.S. 
Ser. Ni». IW filed Mar. 7, 2001 by I*ergh et al., and 

U.S. Ser. Nn.(N SOI. AM) tiled Mar. 7,2001 by Srinivasan et 
al, each of which are incorporated by reference in its entirety 
lor all purposes. Some aspects of this preferred parallel 
inn ll i- variable optimization reactor are discussed below, in 
connection with FIGS. 21'" through 2T. 

[0026] Significantly, as described more fully below, the 
investigation of various reaction conditions for a reaction of 
interest in a simultaneous set of parallel experiments (e.g., in 
a single run through a parallel multi-variable process reac- 
tor) provides sufficient data for creating a meaningful master 
curve of determined selectivity for the reaction of interest 
versus determined conversion — for each of one or mure 
catalyst compositions being investigated in that single run of 
parallel experiments. The obtention of sufficient data from a 
single se t of simultaneous experiments to generate a mean- 
ingful master curve represents a substantial advance in the 
art of catalysis research, a nil particularly, heterogeneous 
catalysis research. 

[0027] The simultaneously varied reaction conditions for 
the set of simultaneous experiments preferably include a 
combination of at least two reaction conditions: (i) either 
di lie re nl space velocities or different contact limes, in com- 
bination with (ii) either different temperatures, different 
pressures or different feed compositions. In some embodi- 
ments, the simultaneously varied reaction conditions lor the 
set of simultaneous experiments preferably include different 
space velocities, in combination with different contact times. 
More specifically, preferred sets of simultaneously varied 
reaction conditions include: space velocity and lemperature; 
space velocity and pressure; space velocity and feed com- 
position: contact lime and temperature; contact lime and 



pressure; contact lime and feed composition; and space 
velocity and contact lime. In other embodimenls, higher 
numbers of reaction conditions, such as three or more 
reaction conditions or four or more reaction conditions can 
be simultaneously varied in the set of simultaneous experi- 
ments. For example, the simultaneously varied reaction 
conditions can include one or more of the following pre- 
ferred tertiary combinations of reaction conditions: different 
space velocities, temperatures and pressures; different space 
velocities, temperatures and feed compositions; different 
space velocities, pressures and feed compositions; and dif- 
ferent temperatures, pressures and feed compositions. A 
preferred approach for simultaneously varying four different 
reaction conditions can include a combination of either: 
different space velocities, temperatures, pressures and feed 
compositions, or different contact limes, lemperalures, pres- 
sures and feed compositions. 

[0028] Generally, the terms used herein to describe ihe 
various reaction conditions, including lemperature, pressure, 
space velocity, contact lime and feed composition have their 
ordinary meaning as understood by a person of ordinary skill 
in the art. lemperature and pressure are independent vari- 
ables, whereas space velocity, contact lime, and feed com- 
position are partially coupled variables (i.e., two of the three 
can be independently controlled). Brielly, conlacl lime is a 
measure of I he toial average lime of exposure between a 
lluid and a catalyst in a How reactor, and is typically defined 
as the volume of the reaction zone divided by the total 
volumetric llowrate of the feed. Space velocity is a measure 
of the molar, mass or volume llowrate of the reactant(s) or 
key reactanl — and an be controlled independently of the 
lota I molar llowrate of feed (e.g., due to differences in 
concentration of the reaclanl(s) in Ihe feed, such as due lo 
dilution of reaclants wilh one or more inert lluids). Feed 
composition refers lo a measure of the re la live ratio of 
various reactanl components and/or inert components of the 
feed mixture. A more detailed discussion of these reaction 
condition parameters is provided in many texts. See, for 
example, Wijngaarden el al., "Industrial Catalysis — Opti- 
mizing Catalysis and Processes", Wilcy-VCH, Germany 
(1W>8). 

[0029] In preferred protocols for any of the aforemen- 
tioned embodimenls, at two different space velocities, and 
preferably al leasi three or al leasl four or a I least five or a I 
leasi six different space velocities are simultaneously inves- 
tigated in combinations wilh the other reaction condilion(s) 
as described. Similarly, al leasi two. preferably al leasl three 
or at least four or at least live or al leasl six different 
temperatures are simultaneously invesligaled. Likewise, 
other reaction conditions (pressures, feed compositions, 
contact limes) are simultaneously investigated using al leasl 
two, preferably al least three or al least four or at leasl five 
or at leasl six different values of such other reaction condi- 
tions. Particularly preferred combinations of reaction con- 
ditions lo be simultaneously evaluated in a single sel of 
parallel experiments include al leasl Ihrcc space ve loci lies 
wilh al leasl iwo lemperalures, pressures, feed compositions 
or conlacl times. In some embodiments, al leasl six space 
velocities are evalualed simultaneously with at leasl four 
lemperalures, pressures, feed compositions or conlacl limes. 

[0030] Generally, with reference lo FIG. 2A, <i method for 
evaluating process conditions for a catalyzed chemical reac- 
tion in a parallel How rcaclor comprises simultaneously 
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supplying one or more rcaclants through a fluid distribution 
system to each of six or more reactors ol* a parallel flow 
reactor under reaction conditions to cflect a chemical reac- 
tion of interest, while conlrollahly varying one or more sets 
of reaction conditions between each of the six or more 
reactors. A reactor effluent containing one or more reaction 
products and, in some cases, one or more un re acted react ants 
is simultaneously discharged from each of the six or more 
reactors, liach of the reactor effluent streams can be sampled 
and analyzed, preferably simultaneously analyzed, to deter- 
mine the conversion of one or more of the reactanls, and the 
selectivity for al least one reaction product for the reaction 
of interest. The conversion is preferably determined for the 
conversion-limiting reactant. Generally, as used herein, con- 
version refers to a measure of the extent to which a reaction 
has proceeded, and is typically defined as the fractional 
amount of the amount of reactant that has been converted to 
one or more products (regardless of whether the products are 
of interest, or are side reaction products). The selectivity 
refers to a measure of the extent to which a reaction resulted 
in a desired product of interest, and is typically defined as a 
ratio of the amount (e.g., molar amount) of desired product 
obtained to the amount (e.g., molar amount) of the key 
reactant converted. A more detailed discussion of conversion 
and selectivity is provided in Wijngaarden el al., "Industrial 
Catalysts — Optimizing Catalysts and Processes", Wiley- 
VC1I, Ciermany (1 998). 

[0031] liach of the six or more reactors comprises a 
catalyst having activity for the chemical reaction of interest. 
In general, depending on the number of reaction vessels in 
the parallel reactor, at least two or more, preferably al least 
four or more, and in some embodiments at least six or more 
of the catalysis are substantially the same — such that they 
have substantially the same composition and/or were pre- 
pared by substantially the same synthesis protocols with 
substantially the same compositional recipe and/or were 
prepared by substantially the same mechanical (e.g., grind- 
ing, pressing, crushing, sieving) treatments, chemical treat- 
ments, and/or physical treatments. 

[0032] In preferred embodiments, the one or more sets of 
reaction conditions are conlrolbbly varied such that a deter- 
mined conversion (e.g., the conversion of the conversion- 
limiting reactant) and a determined selectivity for one or 
more reaction products of the reaction of interest includes al 
lea si iwo, preferably al least three, preferably al leasl four, 
more preferably al leasl live and most preferably at leasl six 
dala values for each of the catalyst compositions being 
evaluated. The determined dala values for conversion pref- 
erably span a range of values that relate to the conversion 
range of interest for the chemical reaction, such thai a 
meaningful master curve can be generated for each of the 
catalyst compositions being evaluated. Gene rally, I he deter- 
mined conversion values include four or more values, pref- 
erably six or more values, that span a range of at least about 
10% conversion difference, and more preferably at leasl 
about 20% conversion difference between the highest and 
lowest of such values, and lor many reactions of interest, 
more preferably al leasl about 30%, 40%, 50% or 60% 
conversion difference between the highest and lowest of 
such values. Considered in anolhcr manner, ihe determined 
conversion values (e.g., of ihe conversion-limiting reactant) 
include four or more values, preferably six or more values 
ranging from less than about 20% conversion to more than 
about 40% conversion. That is, within the determined three 



or six values for conversion, a I least one of the determined 
values is less than about 209?. conversion, and al leasl one of 
ihe determined values is more than about 40%. conversion. 
Preferably, ihe set of reaction conditions are varied in the 
single sel of simultaneous parallel reactions such thai the 
determined conversion values (e.g. of the conversion-limit- 
ing reacianl) include a range of four or more values, pref- 
erably six or more values, ranging from less than about 15% 
conversion to more lhan about 45% conversion, preferably 
ranging from less lhan about 10% conversion lo more lhan 
about 50% conversion, and in some embodiments, ranging 
from less than about 10% conversion lo more lhan about 
70% conversion, or even ranging from less than about 10% 
conversion to more lhan about X0% conversion. l : or some 
reactions of interest (e.g., propylene oxidation lo propylene 
oxide; e.g., benzene to aniline conversions), relatively lower 
conversions are commercially significant due to economics, 
thermodynamics and/or safely considerations, typically with 
relatively higher seleclivities. Hence, for some reactions of 
interest, the determined conversion values (e.g., of the 
conversion-limiling reactant) include three or more values, 
preferably four or more values, more preferably six or more 
values ranging from alx>ul 2% or less lo more lhan aboul 5%, 
preferably from aboul 1% or less to more lhan aboul 10% 
conversion, more preferably from aboul I % or less to more 
lhan aboul 15%». That is, within the determined three or six 
values for conversion, al least one of the determined values 
is about 2%< or less (preferably aboul I % or less), and al least 
one of the determined values is more lhan aboul 5% con- 
version (preferably more than about 10%, more preferably 
more than aboul 15% conversion). 

[0033] Preferred Evaluation Protocols 

[0034] In one preferred embodiment, a parallel reactor 
having six or more reaction vessels is loaded with a sel of six 
or more of substantially ihe same catalysts (e.g. having 
substantially ihe same composition). A sel of reaction con- 
dilions is controllably varied between ihe six or more 
read ion vessels, with ihe particular combinations of varied 
reaction conditions being selected generally from those 
described above. Preferably, with reference to FIG. 2B, the 
set of read ion conditions varied between the six or more 
reactors (having substantially the same catalyst, indicated as 
"CI" in FK5. 2K) include (i) al leasl Ihree different space 
velocities (SV1, SV2, SV3) or alternatively, al leasl Ihree 
dilTerent contact limes (CT1, C 12, CT3), and(ii) al least two 
different temperatures (Tl, T2), or alternatively, al leasl two 
dilTerent pressures (PI, P2), or allerna lively, al leasl two 
dilTerent feed compositions (TCI, FC2). As shown in FKi. 
2H, this sel of parallel experimental conditions can be 
represented schematically in 3x2 malrix wilh the calalyst 
(CI) indicated in each box (e.g., such that each box repre- 
sents a separate reaction vessel of the parallel flow reactor) 
and with the reaction condilions applied lo Ihe catalyst - 
containing reactors being indicated along each side of the 
malrix. 

[0035] In a variation of the immediately preceding 
embodiment, a parallel read or having twelve or more reac- 
tion vessels is loaded wilh a sel of twelve or more of 
substanlially ihe same catalysis (e.g. having substantially the 
same composition). Two sets of reaction conditions are 
controllably, and independently varied between six or more 
reaction vessels per sel — a first set of reaction conditions 
being varied between a lirsl sel of six or more reactors, and 
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a second set of reaction conditions being varied between a 
second set of six or more reactors, with the particular 
combinations of varied reaction conditions being selected 
generally from those described above. Preferably, with ref- 
erence to FIG. 2C, the first set of reaction conditions varied 
between the first set of six or more reactors (e.g., having 
catalyst CI) include (i) at least three d liferent space ve loci- 
lies (SV1, SV2, SV3) or alternatively, at least three dilferent 
contact times (CTI, CT2, (T3), and (ii) at least two dilferent 
temperatures (Tl, T2). The second set of reaction conditions 
varied between the second set of six or more reactors (e.g., 
having catalyst CI) include (i) at least three dilferent space 
velocities (SVI, SV2, SV3) or alternatively, at least three 
dilferent contact limes ((Tl, C 12, (T3). and (ii) at least two 
dilferent pressures (PI, P2), or alternatively, at least two 
dilferent feed compositions (I'd, VC2). The space velocity 
and/or contact time can be the same or dilferent as compared 
between the first set of react ion vessels and the second set of 
reaction vessels. As shown in FIG. 2(\ this set of parallel 
experimental conditions can be represented schematically in 
3x4 matrix. 

[0036] In another preferred embodiment, a parallel reactor 
having twelve or more reaction vessels is loaded with twelve 
or more catalysts — each having activity for the chemical 
reaction of interest . A first set of the twelve or more catalysts 
can be six or more first catalysts that are substantially the 
same (e.g. having substantially the same first composition). 
A second set of the twelve or more catalysts can be six or 
more second catalysis that are substantially the same (e.g. 
having substantially the same second composition). A first 
set of reaction conditions is control lably varied between the 
reaction vessels comprising the first set of catalysts, with the 
particular combinations of varied reaction conditions being 
selected generally from those described above. Similarly, 
and simultaneously therewith, a second set of reaction 
conditions is controllably varied between the reaction ves- 
sels comprising the second set of catalysts, with the particu- 
lar combinations of varied reaction conditions being selected 
generally from those described above. Preferably, with ref- 
erence to FIG. 2D, the first set of reaction conditions, and 
the second set of reaction conditions are varied between 
their respective reaction vessels to include (i) at least three 
dilferent space velocities (SVI, SV2, SV3) or alternatively, 
at least three dilferent contact limes ((Tl, CT2, CT3), and 
(ii) at least two dilferent temperatures (Tl, T2), or alterna- 
tively, at least two dilferent pressures (PI, P2), or alterna- 
tively, at least two dilferent feed compositions (FC1, FC2). 
As shown in FIG. 21), this set of parallel experimental 
conditions can be represented schematically in 3x4 matrix. 

[0037] In a further preferred embodiment, a parallel reac- 
lor having sixteen or more reaction vessels is loaded with 
sixteen or more catalysts — each having activity for the 
chemical reaction of interest. The sixteen or more catalysts 
include at least four sets of catalysts, each set having four or 
more catalysts. The catalysts within each of ihe four sets are 
substantially the same (e.g., or at least having substantially 
the same composition), but the catalysts as compared 
between dilferent sets vary with respect to each other. 
Specifically, the sixteen or more reactors can comprise a first 
set of four or more of the catalysis having substantially the 
same lirsl composition, a second set of four or more of the 
catalysts having substantially the same second composition, 
a third set of four or more of Ihe catalysis having substan- 
tially the same third composition, and a fourth set of four or 



more of the catalysts having substantially the same fourth 
composition. A set of reaction conditions is controllably 
varied between the sixleen or more reaction vessels — with 
the particular combinations of varied reaction conditions 
being selected generally from those described above. Pref- 
erably, with reference to FIG. 2 Li, the set of reaction 
conditions are varied between to include (i) at least four 
dilferent space velocities (SVI, SV2, SV3, SV4) or alter- 
natively, at least lour dilferent contact limes (CTI, C12, 
CT3, CT4), and (ii) at least four dilferent temperatures (Tl, 
T2, T3, 14), or alternatively, at least four different pressures 
(PI, P2, P3. P4), or alternatively, at least four different feed 
compositions (I XT, 1 C2, FC3, FC4). Additionally, the set of 
reaction conditions are varied such thai at least one catalyst 
from each of the first, second, third and fourth sets of 
catalysts sees each of the reaction conditions (considered 
independently, such that not all catalysts see all of the 
possible combinations of conditions). ITial is, the set of 
reaction conditions are varied such that at leasi one catalyst 
from each of the lirsl, second, third and fourth sets of 
catalysis that catalyzes the chemical reaction under each of 
the at least four dilferent space velocities or contact limes, 
and under each of Ihe al least four dilferent temperatures, 
pressures or feed compositions. As shown in FIG. 2Ii, this 
set of parallel experimental conditions can be represented 
schematically in 4x4 matrix. In a variation of this approach, 
the number of reaction conditions being varied can increase 
for evaluation of the four or more sets of dilferent catalysts. 
Specifically, lor example, the parallel How reactor can 
comprise twenty- four or more reactors to elf eel the chemical 
reaction of inleresl, with each of the twenty- four or more 
reactors comprising a calalysl having activity for the chemi- 
cal reaction. The varied set of reaction conditions can 
comprise (i) at least six dilferent space velocities or contact 
limes, and (ii) at least four dilferent temperatures, pressures 
or feed compositions, and the set of reaction conditions can 
be varied such that al least one calalysl from each of the first, 
second, third and fourth sets of catalysis catalyzes the 
chemical reaction under each of the al least six different 
space velocities or conlacl limes, and under each of the a I 
leasl four dilferent temperatures, pressures or feed compo- 
sitions, although not necessarily under each permutation of 
combinations of such reaction conditions. 

[003K] Advantageously, the immediately preceding 
experimental protocol for a multi-channel, multi-variable set 
of simultaneous experiments provides sufficient data lo 
generate a meaningful master curve, without performing as 
many experiments as would be necessary lo provide data for 
each of the four or more compositions al each particular 
combination of reaction conditions. The utility of this 
approach can be enhanced when combined with one or more 
interpolation and/or extrapolation techniques, such as pre- 
dictive extrapolation based on a defined similarities wilh a 
related reference composition. To this end, in one variation 
of the embodiment described immediately above, the par- 
allel llow reaclor can comprises twenty or more, preferably 
twenty-four or more reactors of a parallel llow reaclor lo 
elfect the chemical reaction of interest, each of ihe Iwenly or 
more, preferably twenty-four or more reactors comprising a 
catalyst having activity for the chemical reaction of interest. 
Four or more, and preferably eight or more of ihe reactors 
can comprise a reference set of four or more, preferably 
eight or more reference catalysis having substantially the 
same reference composition. 'I*he reference composition can 
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he a standard com posi lion thai is ;i represent live composi- 
tion for the four or more sols of difl'erenl catalysts (CI, C2, 
C3, C4) being evaluated. As a non-limiting example, the 
reference composition can be I he same catalyst platform and 
have the same major components (e.g., components having 
a relative molar ralio of more than about 10%) as one or 
more of ihe other catalysis being evaluated, but different 
minor components (e.g. dopants) having a relative molar 
ralio of 10% or less). As another non-limiling alternative, ihe 
reference composition can he the same catalyst platform and 
have the same or functionally similar components with a 
relative molar ratio of components that is about the average 
of ihe range of molar ratios being evaluated in the library. In 
any case, ihe referenee composition is repealed al least four 
limes, preferably at least eight limes, and ihe reaction 
conditions to which the reference compositions are exposed 
are preferably varied in the same manner as they are varied 
for ihe four or more sets of different catalysts, such that the 
four or more, preferably eight or more see al leasl four or 
more, preferably eight or more of the varied reaction con- 
ditions or combinations thereof. For at leasl one, and pref- 
erably for each of, the first, second, ihird or fourth catalyst 
compositions, al leasl a portion of the master curve can be 
interpolated or extrapolated by comparison with a master 
curve determined for the eighl or more reference catalysts. 
The comparative interpolation and/or extrapolation can be 
visual or qualitative, and/or can be based on mathematical 
and statistical modeling approaches known in the art. In 
addilion to interpolation and/or extrapolation between deter- 
mined da la points based on a master curve for the reference 
catalyst, one can also interpolate and/or extrapolate enlire 
masier curves (or substantial portions thereof) based on 
comparison to master curves developed for similar catalysis 
using one or more of the approaches described herein. 
Further details about such a predictive approach are 
described below in connection with FIGS. 5 A through 5K. 
[0039] In any of the aforementioned embodiments, addi- 
tional blank reaction channels — having an essential absence 
of catalytic activity for the reaction of interest — can also be 
employed, for example, to determine background and/or to 
del eel reaction conditions thai may decompose react ants or 
products. 

[0040] In yel a further application, a parallel process 
optimization reactor can be used to effect a single set of 
simultaneous (parallel) experiments to check for diffusion 
limitations, useful for example in screens directed toward 
determining intrinsic activity and/or kinetic activity of a 
catalyst composition. Urielly, a parallel reactor having 
twelve or more reaction vessels is loaded with a set of twelve 
or more of substantially the same catalysis (e.g. having 
substantially the same composition). Two sets of reaction 
conditions are eonlrollably, and independently varied 
belween six or more reaction vessels per set — a first set of 
reaction conditions being varied belween a first set of six or 
more reactors, and a second sel of reaction conditions being 
varied belween a second set of six or more reactors. Spe- 
cifically, Ihe varied lirsl sel of reaction conditions generally 
comprises varied average particle size of the calalysis mate- 
rials, prepared, for example, as described in co-owned, 

co-pending, U.S. patent application Ser. No. enlilled 

"Methods and Apparatus for Mechanical Treatment of Male- 
rials Such as Catalysts" filed on the dale even herewith by 
l.ugmair et al. ITie varied second sel of reaction conditions 
can include linear gas llowralcs through a reaction zone 



(e.g., through a fixed bed of a fixed bed reaclor). Preferably, 
ihe varied lirsl and second sets of reaction conditions can be 
employed in conjunction with a substantially constant space 
velocity and/or contact lime. For example, increased gas 
How can be realized without substantial effect on space 
velocity and/or contact time if ihe catalyst mass and bed 
heighl are also increased, or if a dilueni (e.g., SiC) is 
employed, by varying ihe amount of the dilueni. By varying 
panicle size in six or more read ion vessels, and by varying 
linear (gas) read ant llowrate in six or more vessels, one can 
evaluate whether lilm d illusion and/or pore diffusion are 
limiting. The d illusion-) imiied nature of a reaction (or the 
lack of a dilTusion-limilcd nature) is helpful in evaluating 
intrinsic activity or kinelic activity. 

[0041] As noted, although described herein in conned ion 
with heterogeneous calalysis research wilh a parallel How 
reaction system, the present invent ion has applications to 
homogeneous reaction systems, and for both heterogeneous 
and homogeneous catalysts, lo parallel semi-continuous 
reaction systems or to parallel batch reaction systems. Fur- 
thermore, il is contemplated that olher specific variations 
and combinations of parameters in a multidimensional space 
can be employed. See, for example, U.S. palent application 
Ser. No. 60/198,208 entitled "Combinatorial Parameter 
Space L-xperimenl Design" filed Apr. 19, 2000 by Faleioni el 
al, which is hereby incorporated by reference in its en I ire ly 
for all purposes. 

[0042] Additional details about the preferred reaction sys- 
tem, about combinatorial catalysis research approaches, 
about preferred candidate materials and libraries of candi- 
date materials, about preferred reactions of inlerest, and 
about various alternative approaches for evaluating cata- 
lysts — for use in connection with the above -described pro- 
tocols — are described below. 

[0043] Parallel Mulli-Variable Process Optimization 
Reaclor 

[0044] A preferred parallel, multi-variable optimization 
reaclor suitable for use in connection wilh the methodolo- 
gies of ihe invention is shown in FIGS. 2F through 2T. 
With reference lo FIG. 2F, the twenty-four channel reaction 
system 1000 is a bench -lop instrument comprising a distri- 
bution module 4500 and a reactor module 4600. The distri- 
bution module 45(H) and reaclor module 4600 are supported 
in a frame 4100 that includes a lower support shelf 41 10, and 
upper supporl shelf 4130 and four guide posls 4120 (linear 
ball bearings). The distribution module 4500 can be opera- 
tionally engaged wilh the reactor module 4600 by downward 
movement of a shaft 4142 connected at a lower end lo the 
distribution module 4500 via a supporl block (not shown), 
and al an opposing upper end to a hydraulic jack 4140 (e.g. 
100 kN, adjustable, regulated force) supported on a press 
frame 4145. Preloaded springs 4146 are provided on each of 
Ihe guide posls 4120 lo ensure appropriate sealing force 
between the reactor module 4600 and the lower supporl 
shelf 4110 lo sequentially demount the distribution module 
from the reaclor module (release of upper o-ring seals on 
reaclor module), and subsequently, ihe reaclor module lower 
o-rings). A gas-chromalograph-conneclor module 42M pro- 
vides twenty- four channel lluidie interface lo a parallel gas 
chromatograph injection valve (not shown) situated under 
Ihe lower supporl shelf 4110, and is in lluid communication 
with the reaclor module 4600. 
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[0045] Referring to MG. IIG, the distribution module 
4500 can l>c interlaced with an external fluid distribution 
system 14X0 having, gas supply system 14X1 with associated 
mass How controllers 14X3, and a liquid supply system 14X2 
with associated evaporators 14X4, together with appropriate 
valving, substantially as described above. Three gaseous 
feed components are led through external transfer lines 
1530* (variable partial pressure react ant feed source), 1532 ! 
and (constant partial pressure reaclant feed source), 1534' 
(make-up gas) substantially as shown to an internal inlet 
fluid distribution system 1500 having an internal feed- 
composition subsystem 4525. Internal feed transfer lines 
1530, 1534, and pairs of commonly-actuated inlet isolation 
valves 14X7, 14X9 provide selectable fluid communication 
to a series of six sets of flow reslrictor groups — indicated as 
SLIT A, SL T I*, SET C, SLIT D, SET E, and SET I — with 
each set comprising six groups of flow rcslrictors. Each 
group of flow restriclors in a particular set include a first - 
feed-component flow restriclor in selectable fluid commu- 
nication with the variable partial pressure feed source 
through transfer line 1530 and inlet isolation valve 14X7, and 
a second- feed-component flow restrietor in fluid communi- 
cation with the make-up feed source through transfer line 
1534 and inlet isolation valve 14X9. The relative conduc- 
tance values for the lirsl-feed-componenl flow reslrictor and 
the second-feed-componenl flow restriclor within each 
group is indicated as "CT\ "C2\ **C4", "C6*\ "CX" and 
"C9", with combinations of values rotating between the 
various groups as appropriate. In one configuration, internal 
feed transfer line 1532 provides a constant partial pressure 
feed source through a set of six dedicated flow rcslrictors, 
where Ihe flow rcslrictors have substantially the same resis- 
tance to flow (i.e., "constant resistance" flow restriclors, 
indicated as SET CR). The (varied) feed composition from 
the six groups of feed -component flow restriclors (after 
mixing feed components from the firsl- feed -component flow 
restriclors and second-feed-component flow restriclors in an 
internal mixing zone, not shown,) are fed through six 
respective discharge channels 4540. The combined feed 
composition (of the variable feed component/make-up feed 
component) are mixed with the constant feed component in 
the discharge channels 4540. A pressure sensor (illustrated 
as pi, p2, p3. etc.) monitors discharge channel 4540 pres- 
sure. Each of the resulting six varied feed composition feeds 
are discharged through an outlet isolation valve 45X0, and 
then split four ways using flow-splitters to create twenty- 
four streams — with six groups of four steams each, and each 
group having a varied feed composition. Each of the twenly- 
four feed streams can be fed through a single, individual 
split reslrictor 4570 — such as a capillary or as microfluidic 
channel (e.g. having substantia lly the same resistance to 
flow as compared between reaction channels), and then 
through a mass flow sensor 4590 (MI'S), before leaving the 
distribution module. As illustrated, the order of the mass 
flow sensor 4590 and the split restriclor 4570 can be 
reversed from that described above. The distribution module 
4500 is a separate, stand-alone subsystem that mounts in 
fluid communication with the rcaclor module 4600. Con- 
nector module 4200 and dclcelion module 10000 are also 
shown. 

[0046] The distribution module 4500 was provided as a 
modular unit comprising a plurality of modular lluidic chips. 
In particular, with reference to FIG. 211, the distribution 
module comprises a llow-reslrictor block 4510 comprising a 



substrate 3600 having several microchip bodies (not shown) 
mounled thereon. The microchip bodies include flow restric- 
lors (CI, C2, C3, etc.) from which sets of llow-rcsiriclor 
groups are formed by lluidic connection. A series of com- 
monly-actuated groups of microvalves can be precision 
machined and mounted as a valve block 44X7 on one side of 
the distribution module 4500, or integrally therewith, includ- 
ing for example as a subbloek integrally within the llow- 
reslriclor block 4510 — for example, as indicated as 45X7' 
with dolled lines. AJlerna lively, the groups of microvalves 
can be mi cm fa brie a led and be integral with the flow reslric- 
tor block 4510 or with microchip bodies mounled on the 
flow-restriclor block 4510. The microvalves are pneumati- 
cally actuated with air supplied through control pressure 
ports 4512. Reaclant sources, including a variable partial 
pressure gas, a make-up gas and a constant partial pressure 
gas are supplied via external-internal inlet ports 4530, 4534, 
4532, to provide fluid connection with inlernal transfer lines 
1530, 1534, 1532, respectively (FIG. 2G). Acover 4504 and 
an insulator block 4502 are positioned over the flow- 
restriclor block 4510. The flow-rest rictor block 4510 is 
situated over a heater block 4520 comprising resistive 
cartridge heaters 4522, pressure-sensor ports 4524 and ther- 
mocouple ports 4526. Capillary-type split restriclors (4570, 
FIG. 2G) extend between the heater block 4520 and the 
split -restrict or-m ass flow sensor block 4550 ("SR-MFS 
block "4550), that includes an array of microfabricaled mass 
flow sensors 4590 downstream from each of the split restric- 
lors, and connection ports 4552, 4553 for cooling fluid 
circulating through the SR-MFS block 4550. The feed 
passes from the mass flow sensors into reactor lubes (not 
shown) that exiend upward from the rcaclor module (4600, 
FIG. 2G) into a press block 4560 when ihe distribution 
module 4500 is engaged with the reactor module. 

[0047] The flow restriclor block 4510 includes six sets of 
llow-rcstriclor-groups microfabricaled on separate micro- 
chip bodies 3650 that are mounted on a common substrate 
3600. In one embodiment, a set of seven microchip bodies 
having integral flow restriclors can be mounted on a sub- 
strate, with each ihe flow restriclors in each of the mircoehip 
bodies corresponding to one of the sets of llow-reslrictor 
groups (SLT A, SLT B, SET C\ SET D, SLT L, SET l\ SET 
CR) represented in FIG. 2G. Exemplary microchip bodies, 
corresponding to SET A and SET CR are shown in FIG. 21 
and 2J, respect iveiy. The microchip bodies comprise a first 
inlets 5002 (e.g. in fluid communication with one of the 
feed -component source gasses, such as the variable- feed 
component), and a second inlet 5004 (e.g., in fluid commu- 
nication with another of the feed-component source gas, 
such as the make-up feed component). When a particular set 
of flow rcslrictors is selected by actuation of microvalves 
(14X7, 14X9, FIG. 2G) corresponding to that set, then the 
iwo feed components come in through the inlets 5002, 5004 
into the inlel plenums 5003, 5005, and flow through the flow 
restriclors (e.g., for SETA, varied flow rcslrictors CI. C2, 
C4, C6, CX, C9; for SET CR, constant restriclors CR) to 
mixing zones 1540, such that the varied feed compositions 
having various ratios of feed components are formed in the 
mixing /ones. Microfluidic oullets 5010 provide fluid com- 
muncalion lo the discharge (channels 4540, FIG. 2G). As an 
alternative, geometry e fleets associated with variously -sized 
channels oil* of the common inlet plunums 5003, 5005 (e.g. 
entrance volume e fleets) can be minimized physically form- 
ing, for example, the C9 flow restriclor from nine multiple, 
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identical copies of the CI How rcslrielor. With reference to 
FIG. 2K, in ;i further embodiment, the How resistances on 
each particular microchip body he substantially the same 
(e.g., C4, as illustrated, for one microchip body, C6 for 
another microchip body, etc.). Also, each How resiriclor 
(e.g., C4, as illustrated) can have its own, dedicated micr- 
lluiclic inlet 5002 and inlet plenum 5003. Referring to FIG. 
21., the sets of How restrictors (with grouped resistance 
values as shown in FIG. 2G) can be established where each 
of the microchip bodies are fabricated to be identical (e.g., 
such as shown in FIG. 21) — without physically and inte- 
grally rotating the various combinations of How resistances 
on the microchip body — by having microlluidic channels 
4540 that cross the outlets 5010 of each How resiriclor (CI, 
C2, C4, etc.) in the various combinations, so that by selec- 
tion of appropriate feed components to the inlets 5002, the 
desired sets of How restrictors (e.g. SliTA, SET B, SET(\ 
etc.) can be achieved. Internal passages within the llow- 
restrictor block 4520 and/or cover block 4510, 4504 can be 
used for internal interconnections. Such internal passages 
can be supplemented by external interconnections that inter- 
face through side ports 4544. Alternatively, such side -ports 
could be manifolded and routed through a different face of 
the How-reslrielor block 4510. Fabrication of the How 
restrictors integral with the microchip bodies can be 
c Heeled; for any of the aforementioned embodiments, using 
typical micro fabrication techniques. 

[0048] The How resiriclor block 4510 also includes the six 
pairs of commonly-actuated inlet isolation microvalves 
1487, 1489, as well as the outlet isolation valves 4580. These 
valves are preferably fabricated using precision machining 
techniques known in the arl. Alternatively, the valves can be 
mierofabricaled, andean be integral wilh the How-restrictor 
block 4510 or wilh a microchip body mounted thereon. The 
valves can also be, as noted above, part of an external fluid 
distribution system (I4K0, FIG. 2G). The particular micro- 
valve design is not critical. Preferably, the microvalves 
1487, 1489 are membrane-aclualed, membrane-sealed 
valves such as shown in FIGS. 2M sind 2N. Briclly, 
membrane-actuated valves 4300 can be prepared by preci- 
sion machining to form the various component parts. In its 
open stale (FIG. 2M), a flu id can How into the valve through 
Huid inlet passage 4302, through internal passages 4303, 
past the valve seal 4310, and oul through out lei passage 
4304. In its closed slate (FIG. 2N), a piston 4320 having a 
piston face 4322 is forced upward against a sealing mem- 
brane 4315 such l hat lluid How past the seal 43 10 is 
sealingly blocked, wilh I he sealing membrane 4315 essen- 
tially acting as a gasket between the piston face 4322 and the 
valve seat 4310. The piston 4320 is preferably pneumatically 
actuated by use of an actuating membrane 4325 under 
pressure through actuation passage 4330. Portions of the 
sealing membrane 4315 and actuating membrane that are 
siluated between facing component surfaces of ihe valve 
body can serve as gaskets when the valve is clamped or 
fastened together, further details are provided in co -pend- 
ing, co-owned application U.S. Ser. No. 60/274,022 entitled 
"(las Chromalograph Injection Valve Having Microvalve 
Array" filed on Mar. 7, 2001 by Bergh et al. 

[0049] The mass-How-scnsor/split resiriclor block 4550 is 
shown in FIGS. 20 and 2R The MIS-SR block 4550 
comprises, for each of the tweniy-four reaction channels, a 
split resiriclor 4570, and a mierofabricaled mass-How sensor 
4590. As shown in FIG. 20, the unil is cooled using 



Huid-lype micro heal exchanger wilh cooling air as the 
cooling medium. Hie splil resiriclor is preferably a capil- 
lary-type How resiriclor (e.g., '/n»().l). /125/#m 1.1). stainless 
steel capillaries). For each reaction channel, ihe feed gas 
Hows through the split resiriclor into the mass-How sensor 
4590 via sensor inlet 4591. The feed gasses passes through 
a detection channel 4592 and then exils via sensor outlet 
4593. O-rings 4599 are used to seal the sensor inlet and 
outlet. 4591, 4593. The mass-How sensor design is not 
critical. Referring, briclly, to FIGS. 2Q, 2R, 2S, a preferred 
mierofabricaled mass How sensor 4590 includes live-detec- 
tion li laments 4595. The detection lilamcnls 4595 are elec- 
trically connected to contact pads 4596 via conductive paths. 
The contact pads are connected to mass-sensor electronic 
circuitry for a five-bridge design, according to known tech- 
niques. The detection filaments 4595 are preferably plati- 
num vapor-deposited onto a silicon nil ride bridge, and 
designed wilh a meandering path (FIG. 2S). The silicon 
nilride bridge is positioned at 15° angle relative to the 
normal to the detection channel 4592. The electronic cir- 
cuitry (e.g. printed cireuil board) can be located adjacent 
each mass How sensor (e.g., in the adjacent cavity 4598). 
After exiting the mass How sensor 4590, the feed gas for 
each channel is fed lo the reactor lubes 4610. 

[0050] The reactor module 4600, shown schematically in 
FIG. 2T, comprises a 4x6 array of twenty-four reactor tubes 
4610 individually supported in a reactor frame 4605. Lach 
lube has a reaction volume of about 1 ml. Each of the reactor 
lubes 46 1 0 can be individually heated using resistive coil 
healers 4620 (e.g. Wallow Mini-K-ring). Thermal isolation 
between reactor lubes 46 10 is achieved using Hu id-type heal 
exchanger lo cool ihe inlcr-rcactor volume within the reactor 
frame 4610. Preferably, the cooling medium is air or inert 
gas, and is fed into the reactor module 4600 substantially al 
the midsection thereof. 1*1 ale cooling Huid (e.g. air) is also 
fed through ihe lop member 4606 and bottom member 4607 
of the reactor frame 4605, specifically through heat-ex- 
change channels 4608 formed therein. Advantageously, as 
described in grealer detail above, the heal Hux associated 
wilh Ihe resistive coil heaters 4620 can be axially varied lo 
account for heal variations due to the reaction, and to 
balance heal removal by Ihe cooling media such that a 
substantially axial uniform temperature profile is obtained. 
Further details about temperature control are provided in 
co-owned, co-pending application U.S. Ser. No. 60/274,065 
entitled "Parallel Plow Reactor Having Improved Thermal 
Control" filed on the dale even herewith (Mar. 7, 2001) by 
Bergh et al. The feed gas Hows into the reactor lube inlet 
4612, and optionally contacts a catalysl (e.g., supported in 
the reactor lube using frits (not shown)) under reaction 
conditions to elTecl the chemical reaction of interest. The 
reaction products and un reacted re a clan Is are discharged 
through ihe reactor tube outlet 4614. 

[0051] Further details of this preferred reaction system are 
described in co-owned, co-pending U.S. patent application 
Ser. No. 60/185,566 filed Mar. 7, 2<K>0 by Bergh el al., U.S. 
Ser. No. 09/801,390 filed Mar. 7, 2001 by Bergh et al., U.S. 
Ser. No. 09/801,389 filed Mar. 7, 2001 by Bergh el al., and 
U.S. Ser. No. 09/801,430 filed Mar. 7, 2001 by Srinivasan el 
a I., each of which are incorporated by reference in its 
eniirety for all purposes. 
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[0052] Combinatorial (i.e., High-Throughput) Catalysis 
Research 

[0053] Willi reference to FIG. I, major steps in a com- 
prehensive combinatorial (i.e., high-throughput) research 
program for catalysis, and in particular, for heterogeneous 
catalysis can generally comprise one or more of the follow- 
ing steps: 

[0054] 1) Experimental Planning/Library Design 

[0055] 2) Synthesis of Catalyst or Catalyst Precursor 
I j'brary 

[0056] 3) Optionally, Pre treatment of Catalyst or 
Catalyst Precursor Library 

[0057] a) chemical treatment (e.g. precursor 
decomposition, oxidation, reduction, activation) 

[0058] b) physical treatment (e.g., calcining) 

[0059] c) mechanical treatment (e.g., pcllctizing, 
grinding, sieving) 

[0060] 4) Optionally, Characterization of Catalyst or 
Catalyst Precursor Library (x-rav diffraction, infra- 
red) 

[0061] 5) Screening (Reaction Based) of Catalyst 
Candidates in Library 

[0062] a) Flow/Scmi-Conlinuous/Baleh (Non- 
How) 

[0063] b) Liquid/Gas Phase Reaclants 

[0064] 6) Optionally, Characterization of Screened 
Catalysis 

[0065] 7) Optionally, Catalyst Regeneration 

[0066] <S) Optionally, Screening (Reaction-Based) of 
Regenerated Catalyst 

[0067] 9) Optionally, Data Processing 

[006S] 10) Data Analysis — Performance Evaluation 

[0069] II) Repeat One or More of Steps (1)-(10) 
(optionally, with automated resynlhesis) 

[0070] Preferably, all steps are optimized with respect to 
throughput, in order to eliminate unnecessary bottlenecks in 
the overall work How. 

[0071] Various aspects of the present invention relate to 
one or more different steps of the aforementioned general- 
ized methodology. Some aspects of the invention relate to 
individual steps, to a combination of steps, to a particular 
ordering of the steps, and/or to the methodology as a whole. 
Note, additionally, that the various inventive aspects can be 
combined in any and all possible permutations, for purposes 
of defining the present invention. All terms used herein 
should be interpreted as having their ordinary meaning in the 
art, except and to the extent that they are further defined 
herein. 

[0072] The following patent applications are related to the 
present application, particularly as applied in connection 
with heterogeneous catalysis research, and are speclieally 
incorporated by reference for all purposes, including general 
background, methodologies, apparatus, and exemplary 
applications: U.S. Ser. No. 09/156,827 filed Sep. IS, 1998 by 



(iiaquinta el al.; U.S. Ser. No. 09/5)8,794 filed Mar. 3, 2000 
by Bergh et al.; U.S. Ser. No. 09/093,870 filed Jun. 9, 1998 
by Guan et al; U.S. Ser. No. 00/185,566 filed Mar. 7, 2000 
by Bergh et al; U.S. Ser. No. 09/801,390 filed Mar. 7, 2001 
by Bergh el al.; U.S. Ser. No. 09/801,389 filed Mar. 7, 2001 
by Hergh el al.; U.S. Ser. No. 09/285,363 filed Apr. 2, 1999 
by Petro el al.; U.S. Ser. No. 09/174,856 filed Oct. 19, 1998 
by Lacy el al.; and U.S. Ser. No. 09/516,669 filed Mar. 1, 
2000 by Lugmair el al. 

[0073] Candidate Materials/Libraries of Candidate Mate- 
rials 

[0074] La eh of the candidate materials being screened in 
a combinatorial catalysis research program for a capability 
to enhance a chemical process of interest can be an element, 
a compound or a composition comprising a plurality of 
elements and/or compounds. The candidate material can be 
in a gaseous, liquid or solid phase. Sol id-phase candidate 
materials are preferred for some applications, including 
generally for gas-phase heterogeneous catalysis reactions. 
The particular elements, compounds or compositions to be 
included in a library of candidate materials will depend upon 
the particulars of the chemical process being investigated, 
and upon I he experimental design strategy (discussed gen- 
erally alxwe, with additional various alternatives discussed 
below). In general, however, the particular chemical process 
being investigated is not critical, and can include chemical 
reactions of all lypes. 

[0075] The chemical process is preferably a chemical 
reaction, which for purposes hereof, means a process in 
which at least one covalenl bond of a molecule or compound 
is formed or broken. As such, immunoreaclions in which 
immunoallinily is based solely on hydrogen bonding or 
other lorces — while chemical processes — are not considered 
to he chemical reactions. In general, ihe candidate materials 
of this invention catalyze reactions that include activation 
of, breaking and/or formation of II — Si, II — II, II — N, 
H_O f H— P, H— S, C— II, C— C, C=C, C=C, C-halogcn, 
C — N, C— (), C— S, C— 1> C — B and C— Si bonds among 
others. Exemplary chemical reactions for which reaction- 
enhancing materials may be identified according to the 
present invention include, without limitation, oxidation, 
reduction, hydrogenation, dehydrogenation (including trans- 
fer hydrogenalion), hydration, dehydration, hydrosilylalion, 
hydrocyanalion, hydroformylalion (including reduclive 
hydroformylation), carbonylalion, hydrocarbonylation, ami- 
docarbonylalion, hydrocarboxylalion, hydroeslcrilicalion, 
hydroamination, helero-cross-coupling reaction, isomcriza- 
lion (including carbon-carbon double bond isomerization), 
dimerization, trimerization, polymerization, co-oligomer- 
izalion (e.g. CO/alkene, CO/alkyne), co -polymerization 
(e.g. CO/alkene, CO/alkyne), insertion reaction, aziridalion, 
mclalhcsis (including olefin metathesis), carbon- hydrogen 
activation, cross coupling, Friedel-Crafts acylalion and alky- 
lation, Diels-Alder reactions, C — C coupling, Heck reac- 
tions, arylalions, Fries rearrangement, vinylalion, aceloxy- 
lalion, a Idol -type condensations, aminations, reductive 
animations, epoxidalions, hydrodechlorina lions, hydroclcs- 
u durations and Fischer- Tropsch reactions, fuel reforming 
reactions, water-gas-shift reactions, catalytic cracking reac- 
tions, methanol to olelin reactions, asymmetric versions of 
any of the aforementioned read ions, and combinations of 
any of the aforementioned reactions in a complex reaction 
sequence of consecutive reactions. For chemical reactions, 
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the candidate materials can he generally classified as those 
materials which are chemically altered or consumed during 
the course of the reaction (e.g., co-rcaelant materials, cala- 
loreaclants) and those materials which are not chemically 
altered or consumed during the course of the reaction (e.g., 
catalysts, selective hi oc king moieties). In preferred applica- 
tions, the candidate materials being evaluated in the parallel 
multi-variable optimization reactor are catalysis. As used 
herein, the term catalyst is intended to include a material that 
enhances the reaction rale of a chemical reaction of interest 
or l hat allows a chemical reaction of interest to proceed 
where such reaction would not substantially proceed in the 
absence of the catalyst. 

[0076] The candidate materials preferably comprise ele- 
ments or ci impounds selected from the group consisting of 
inorganic materials, meial-ligands and non-biological 
organic malcrials. In some applications, I he candidate mate- 
rials will consist essentially of inorganic materials, consist 
essentially of metal-ligand materials, or consist essentially 
of non-biological organic materials. Moreover, in some 
applications, the candidate materials will be compositions 
comprising mixtures of inorganic materials, metal-ligand 
materials, and/or non-biological organic materials in the 
various possible combinations. 

[0077] Inorganic materials include elements (including 
carbon in its atomic or molecular forms), compounds that do 
not include covalenl carbon-carbon bonds (but which could 
include carbon covalently bonded to other elements, e.g., 
C0 2 ), and compositions including elements and/or such 
compounds. Inorganic candidate materials that could be 
investigated according to the approaches described herein 
include, for example: noble metals such as Au, Ag, Pi, Ru, 
Rh, Pd, An, Os and lr; transition metals such as Ti, V, Cr, 
Mn, Fc, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ta, W and Re; 
rare-earth metals such as I -a, Cc, Pr, Nd, Sm, Lu, Tb, Th and 
U; alloys of noble metals, transition metals and/or rare -earth 
metals; metal oxides such as CuO, NiO and Co-C) ,; noblc- 
melal-doped metal oxides such as noble- metal-doped CuO, 
NiO and Co-O.,; multi-metal oxides such as binary oxides of 
Cu— Cr, Cu— Mn, Cr— Mn, Ni— Cr, Ni— Mn, Ni— Cu, 
Ni — Mo, Cu — Mo, Ni — Co, Co — Mo, Ni — Fe, Fc — Mo, 
Cu — Fe, Mn — Ag, Mn — Sn, Au — Sn, Cu — Ag, Cu — V, 
Ag— V, Cu— V, Ni— V, Hi— Men Bi— V, Mo— V, V— Zr, 
V— Ti, Zr— Ti, V— Nb, Nb— Mo, V— P, P— Mo, Ni— 1> 
|>-_C U , Co— P, Co — Fe, P— Fe, Mg— V, Mg— Sn, V— Sn, 
K — Ti, K— Bi, Ti— Bi, Cr— Sb, Cr— V, Sb— V, Bi— Mo, 
Bi— Nb, K — C t. K— Al, Al— Cr, Zn — Cu. Zn— Al, Cu— AJ, 
La— Cr, I .a— Zr, Cr— Zr, La— Mo, Mo— Zr, La — W, 
W— Zr, Mo— W, W— V, Cu— W, Bi— W, Fe— Sb, Fe— V 
and Ni — Ta, Ni — Nb and Ta — Nb, and such as ternary 
oxides of Cu — Cr — Mn, Ni — Cr — Mn, Ni — Cu — Mo, 
Ni — Co — Mo, Ni — Fc — Mo, Cu — Fe — Mo, Mn — Ag — Sn, 
Cu— Ag— V, Cu— Ni— V, Bi — Mo— V, V— Zr— Ti, 
V— Nl>— Mo, V— P— Mo, Ni— P— Cu, Co— P— Fc, 
Mg— V— Sn, K — Ti — Bi, Cr- Sb— V, Bi — Mo — Nb, 
K — Cr — Al, Zn — Cu — Al. La — Cr — Zr, La — Mo — Zr, 
I .a— W— Zr, Mo— W— V, Cu— Mo— W, Bi— Mo — W, 
Hi— V— W, Fc— Sb— V an «" Ni— Ta— Nb; metal carbides 
such as PdC, molybdenum carbide and tungsten carbide.; 
metal sulfates, metal sulfides, melal chlorides, metal 
acetates, polyoxomcta Hales (POM); melal phosphates such 
as vanady (pyrophosphates (VPO); Bronstead acids such as 
I IF; Lewis Acids such as AICI -; and mixtures of any of the 
aforementioned inorganic materials, among others, lixem- 



plary inorganic material libraries could include, for example, 
a triangular-shaped array of ternary melal oxides (e.g. such 
as oxides of I he ternary metal partners described above) with 
single melal oxide compounds al each corners, binary metal 
oxide compositions along each of the sides with varying 
ratios of constituents, and ternary metal oxide compositions 
in ihe interior regions of the triangular array with varying 
ratios of constituents. Libraries of inorganic candidate male- 
rials can be prepared, lor example, according to the methods 
disclosed in U.S. Pal. No. 5,776,359 to Schullz el al. 

[007S] Metal-ligands comprise a central metal atom or ion 
surrounded by, associated with and/or bonded to olher 
atoms, ions, molecules or compounds — collectively referred 
lo as "ligands" — typically through a carbon (to form, e.g., an 
organomelallic), nitrogen, phosphorous, sulfur or oxygen 
atom and/or one or more linker moielies. The one or more 
ligands typically bind lo one or more metal center and/or 
remain associated therewith, and by such association, 
modify the shape, electronic and/or chemical properties of 
Ihe aclive melal centers) of the metal-ligand complex. The 
ligands can be organic (e.g., r| J - aryl, alkenyl, alkynyl, 
cyclopenladienyl, CO, alkylidene, carbene) or inorganic 
(e.g., Br", Cl~, OH", NO 2 ", etc.), and can be charged or 
neutral. The Iigand can be an ancilliary ligand, which 
remains associated with Ihe metal center(s) as an integral 
constituent of the catalyst or compound, or can be a leaving 
group ligand, which may be replaced with an ancillary 
ligand or an activator component. lixemplary melals/melal 
ions include ions derived from, for example, simple salts 
(e.g., A1CI-, NiCL, etc.), complex or mixed salts comprising 
both organic and inorganic ligands (e.g., [(v|5-C s Me 5 )lrCl 2 ] 
2 , etc.) and metal complexes (e.g., Gd(N TA) 2 , CuliDTA, 
etc.), and can generally include, for example, main group 
metal ions, transition metal ions, lanlhanide ions, etc. 

[0079] Libraries of metal-ligand candidate materials can 
be prepared, for example, according lo the methods dis- 
closed in PCF Patent Application WO 98/03521 of Weinberg 
et al. Briefly, a desired ligand can be combined with a melal 
atom, ion, compound or other metal precursor compound. In 
many applications, the ligands will be combined with such 
a metal compound or precursor and the product of such 
combination is not determined, if a product forms. For 
example, the ligand may be added to a reaction vessel al the 
same lime as Ihe melal or melal precursor compound along 
with the reactanls. The melal precursor compounds may be 
characterized by the general formula M(L) n (also referred lo 
as ML,, or M-L„) where M is a metal and can include metals 
selected from the group consisting of Groups 5, 6, 7, S, 9 and 
10 of the Periodic Table of Elements. In some embodiments, 
M can be selected from the group consisting of Ni, Pd, Fc, 
Pi, Ku, Rh, Co and lr. L is a ligand and can be selected from 
the group consisting of halide, alkyl, substituted alkyl, 
eyeloalkyl, substituted eye lo alkyl, helerocycloalkyl, substi- 
tuted heterocycloalkyl, aryl. substituted aryl, heteroaryl, 
substituted heteroaryl, alkoxy, aryloxy, hydroxy, boryl, silyl, 
hydrido, thio, seleno, phosphino, amino, and combinations 
thereof, among others. When L is a charged ligand. Lean be 
selected from the group consisting of hydrogen, halogens, 
alkyl, substituted alkyl, eyeloalkyl, substituted eyeloalkyl, 
heteroalkyl, helerocycloalkyl, substituted helerocycloalkyl, 
aryl, substituted aryl, heteroaryl, substituted heteroaryl, 
alkoxy, aryloxy, silyl, boryl, phosphino, amino, thio, seleno, 
and combinations thereof. When L is a neulral ligand, Lean 
be selected from ihe group consisting of carbon monoxide, 
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isocyanidc, nilrous oxide, PA-, NA-, OA 2 , SA^, ScA., and 
com hi nations thereof, wherein each A is independently 
selected from a group consisting of alkyl, substituted alkyl, 
hcleroalkyl, cycloalkyl, substituted cycloalkyl, helcrocy- 
cloalkyl, substituted hcterocycloalkyl, aryl, substituted aryl, 
heicroaryl, substituted hcleroaryl, alkoxy, aryloxy, silyl, and 
amino. Specific examples of suitable metal precursor com- 
pounds include Pd(dba), (dba=dibcn/.ylydicneacleonc), 
l>tK(dha)j, >Ac) : (Ac=acetalc), PclCL, Pd(TFA),, 

( I I A-lriiluoroacclale), (( 1 1 ,(TM) 2 \\)CU, and the like. In 
this context, the ligand to metal preeursor compound ratio is 
in the range of about (1.01:1 to about 100:1, more preferably 
in the range of about 0.5:1 to about 20:1. The metal atom, 
ion or metal precursor may be supported or not. Supports 
may be organic or inorganic. Similar to the ligands, the 
support may be an I .. In other embodiments, the support will 
not form part of the metal precursor and suitable supports 
include silicas, aluminas, zeolites, polyelhyleneglycols, 
polystyrenes, polyesters, polyandries, peptides and the like. 
Specific examples of Pri supported metals include Pd/C, 
Pd/Si() 2 , Pd/CaCX)-, Pd liaCO,, Pd aluminalc, Pd/alumi- 
num oxide, Pd /polystyrene, although any of the metals listed 
above could replace Pd in this list, e.g., Ni/C, etc. In other 
applications, the ligand will be mixed with a suitable metal 
precursor compound prior to or simultaneous with allowing 
the mixture to be contacted to the reaclanls. When the ligand 
is mixed with the metal precursor compound, a melal-ligand 
complex may be formed, which may be employed as a 
candidate material. 

[0080] No n -bio logical organic materials include organic 
materials other than biological materials. Organic materials 
are considered to include compounds having covalent car- 
bon-carbon bonds. Biological materials are considered to 
include nucleic acid polymers (e.g., DNA, RNA) amino acid 
polymers (e.g., en/.ymes) and small organic compounds 
(e.g., steroids, hormones) where the small organic com- 
pounds have biological activity, especially biological activ- 
ity for humans or commercially significant animals such as 
pels and livestock, and where the small organic compounds 
are used primarily for therapeutic or diagnostic purposes. 
While biological materials are of immense commercial 
interest with respect to pharmaceutical and biotech no logical 
applications, a large number of commercially significant 
applications involve chemical processes that arc enhanced 
by other than biological materials. Moreover, while funda- 
mental screening approaches for many pharmaceutical and 
biological activities are known or readily adapted from 
known approaches, screening approaches for non-biological 
materials have not heretofore been widely investigated and 
reported. Although the candidate materials being screened 
are preferably not, themselves, biological organic materials, 
the candidate materials of the invention (e.g., inorganic 
materials) can be employed io enhance reactions directed to 
producing a biological organic material as the product of a 
chemical reaction (e.g., materials that enhance chemical- 
based, non-eny /.malic DNA synthesis, or materials that 
enhance a synthetic, non-en vxmalic route to a particular 
hormone or steroid). 

[0081] In preferred applications, the candidate materials 
are catalysts being screened for catalytic activity and/or for 
catalytic selectivity for a chemical reaction of interest. The 
candidate catalysis can be homogeneous catalysts or hetero- 
geneous catalysts, f or homogeneous catalysis, the candidate 
materials are preferably solids or liquids which are soluble 



or miseible in the reaction medium under the reaction 
conditions, but can a 1st) include gasses. For heterogeneous 
catalysis, the candidate materials are preferably solids. In 
general, homogeneous candidate catalyst materials and het- 
erogeneous candidate catalyst materials can include organic, 
inorganic and melal-ligand catalysts such as are described 
above. Lxcmplary reactions for which a homogeneous cata- 
lyst may be investigated pursuant to the present invention, as 
well as known homogeneous catalysis for such reactions are 
shown in Table 1 A. lixemplary reactions for which a 
heterogeneous catalyst may be investigated pursuant to the 
present invention, as well as known heterogeneous catalysts 
for such reactions are shown in Table IB. The library of 
candidate catalysts being screened can be variations in the 
structure or composition of known catalysts or can be 
structurally unrelated thereto. 

TABLE I A 



Pxemplary Homogeneous Catalytic Reactions 
Reaction Class Known Catalyst 



assy metric < -C N double 
bond isomeri/^'ilion 
Su/.uki biiiryl cross-coupling 
hydrolormylalion 

hydrocarboxyJation 

Neck reaction 

hyd rocya nation 

sissy met ric h yd rogena lion 

Pricdc l-Cra I "is react i on 

olelin polymerisation 



olefin metathesis 
methanol carbonylation 
epoxide ring opening 



Ru- 



Rh — ligand (e.g.. phosphinc) 



Pd- ligand (e.g.. phosphinc) 

Co — . Rh — ligand (e.g.. phosphinc. 

phosphite) 

Mo—. Pd— ? Rh— . Co— r ligand (e.g.. 
phosphinc) 

Pd- ligand (e.g.. phosphinc) 

Ni- ligand (e.g.. phosphite) 

Ru — . Rh — ligand (e.g.. phosphinc) 

IIRAIO, 

Z.r — .'Pi — . Ill" — ligand (e.g. cyclo- 
pentadiene) Ni — . Pd — ligand (e.g.. 
bis- imine) 

Ru — . Mo — ligand (e.g.. N — . P — based) 

Ir, Rh with halidcs (e.g.. Met. til) 

Cu- ligand (e.g.. alkoxide. amide, amine) 



[0082] 



TABLE IB 



Kxcmplary I Icteioneneous Catalytic Reactions 



Reactanl(s) 


Product 


Known Catalyst 


ethylene + acetic 


vinyl acetate 


Pd — An 


acid 






ethylene glycol 


glyoxal 


Cu 


ethylene 


ethylencoxide 


Ag 


methanol 


formaldehyde 


Ag 


butene dimcrization 


octcne 


Ni 


HCI 


C12 


Cu — Fc — CI. Cu — Cr — () 


propylene 


acrolein 


Bi — Mo— () 


acrolein 


acrylic acid 


Mo— V— 0(+0i— Mo— 0+ 






MnO + W-<)> 


mclhacrolein 


mclhacrylic acid 


POM 


o-xylenc 


Phthnlic anhydride 


v/tio: 


butane 


malcic anhydride 


vpo 


toluene 


hen/.onili ile 


V— Sh— (). I 'e— Sb— () 


toluene 


ben /aldehyde 


Co acetate 


toluene 


benzoic acid 


Co acetate 


cthylbcnzcne 


styicne (non-OIMI) 


K — l-'c—O 


ethylhen/.cnc 


slyrcne (QUI!) 


K — Bi — 0/1102 


propane 


propylene 


K— Cr— 0/AI20J 


vinyl cyclohexene 


slyrcne 


Cu//.eolile 


cyclo hcxanol 


cyclo hcxa none 


cu/sio: 


cyclohexene 


benzene 


NM/supporl 


cyclo hex via mine 


aniline 


NM/support 
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TABI.L IB-continued 

t-\cmpl:nv I k icioucncotts ("atnlytk Kc:uUipns 



Kc:n.i:mti»i I'roducl Known Oilalysl 



suit v h.iin :ii-«iii.iIk"s 


:iu>m:iiic :k*iJs 


f o — M n — /j-:iccl:ilo.s 


tllnk iu 


iKVCtlJchyJc 


Pd — Cu. I'd— An 


.Hll.llJJlV Jv 


:icvtk* :idd 


M n-ncctaic 


pi. r \k.n 


piopyk-nc oxide 


Ti/silicalitc. Auf\~t<)2 


pi.<l<\Lm 


nerylic nciJ 




p|. -p\ U IK 


:iei vK'iiili Me 




hlil.iJu iu 


\ invl ox i nine 


Ag 


nili- «K i»/*. iK 


;t nili nc 


C*u/Si<)2. supported NM 


I t |»k - 'Imk 


nie« 4 ink* aeid 


V — Mo/'li — Zi — () 


iii.i K u .tiilt\*lii«K 


i::inini:i- 


C *u — Zn — ( ). ( u — ( "i — ( J 




iiuiyi«>l:iclonc. 






uii.iln Jt\ilut:inc 




pi..p:nn 


.'K'lVlk' livid 


V — Mo — Nh — ( >— Te 


pi-.|Vlllv 


aeivl nititle 


V— Sh — (> 


K n/«> ik 


phenol 


l ; c — < ia//colitc 




melfctnol 


Cu— Z.n/Al20.* 




melliane 


Ni 


N\ 11^.1-. 


Itiel hydn*eait»ons 


lc. Co 




aiiinv «ni:i 


l-c 


( 114 ♦ M.N » 


ii: + l <) 


Ni 


1 >^N( K 




vyno2 


< i i ;« >l 1 


.•Iclino 


SAPO.*4 


Ilk'l l\ k IK 


eihvk nc 


PdA^. I'dAu 



[00K3] A library of candidate materials comprises four or 
more. and preferably a higher number of diverse candidate 
male rials. The library of male rials is preferably arranged in 
an arra\. preferably comprising I he diverse materials in 
spatially determinative regions (e.g., within different reac- 
tion vessels «»r modules comprising react km vessels), and 
most preferably in spatially determinative and distinct 
regions (e.g., regions tie lined in one or more substrates). 
Modules comprising reaction vessels within a single reac- 
tion apparatus can each comprise a single substrate, and/or 
can collectively be considered as part of a larger substrate. 
The materials are preferably catalysis materials, such as 
candidate catalysts, or precursors thereof (including catalyst 
supports). 

[00K4] A library ol" catalysis materials, and/or a synthesis 
or screening protocol lor such a library, can be characterized 
as (and in general, should be considered generic to, unless 
specifically recited otherwise) a primary screen, a secondary 
screen, a ternary screen, a quaternary screen, and or a 
higher-order screen. The library and/or synthesis or screen- 
ing protocols can likewise be characterized as (and in 
general, slum Id be considered generic to) an initial library/ 
screen directed toward initial identification of hits or leads, 
or a related, subsequent focus library/screen. See, for 
example, as previously described in U.S. Ser. No. (19/5 US, 
794 filed Mar. 3. 20(M) by Bergh et al. The number of 
catalysis materials in the library or array is preferably four 
or more, preferably six or more, more preferably eight or 
more, sixteen or more, twenty-four or more, forty-eight or 
more, ninety-six or more, two-hundred or more, four hun- 
dred or more, one thousand or more, four thousand or more, 
ten thousand or more, or in some embodiments. 96*N. 
where N ranges from I to about 2(1. and preferably from I 
to about 5. 

[0085] In preferred eml>odimenls. the plurality of catalysts 
or calalysl precursors (e.g., including catalyst supports) of 
the library are di lie rent from each other with respect to 



composition and/or concent ration. The compositional space 
of the library can typically comprise four or more diverse 
compositions having one or more common elements at 
various concentrations or stoichiometrics (a unitary library), 
preferably two or more common elements al various con- 
centrations or stoichio me tries (a binary library) more pref- 
erably three or more common elements at various concen- 
trations or stoichiometrics (a ternary library), or a higher- 
order library (e.g., a quaternary library). See U.S. Pal. No. 
5,985,356 lo Schullz et al., and U.S. patent application Scr. 
No. 09/156,827 filed Sep. 18, 1998 by Giaquinla el al. In a 
ternary library comprising elements A, B, and C\ for 
example, each of A, B and G can range from 0% to 100% 
wilhin the ternary library at various stoichiometric incre- 
ments (e.g., at 10% increments). The library can also include 
one or more standard compositions present a I a plurality of 
lesl regions (e.g., reaction vessels or react ion sites) of an 
array. In .some embodiments, a standard composition is 
preferably present a I three or more lest regions, four or more 
lesl regions, six or more lest regions, or eight or more lesl 
regions. 

[00S6] The library of catalysis materials can also be devel- 
oped and d i Here nlia led with respect lo process conditions. 
Generally, process conditions refers, inclusively, to (i.e., is 
intended as being generic lo) synthesis protocols (e.g., 
precipitation, impregnation, spray drying, etc.), synthesis 
conditions wilhin a particular synthesis protocol, pretreal- 
menl protocols (e.g., physical prctrcalmenis such as healing 
or calcining, mechanical prctrcalmenis such as grinding, 
mixing, pressing, crushing, sieving, and/or chemical prc- 
ireaimenls such as reduction (e.g., by 112, C2114, etc.), 
activation (e.g., by (72114), partial oxidation, etc., prelrcal- 
ment conditions within a particular prclrealment protocol, 
reaction conditions (e.g., selected from the group consisting 
of temperature, pressure, space velocity and conlacl lime, 
and especially selected from the group consisting of space 
velocity and contact lime), regeneration conditions (e.g., 
post-reaction treatments prior to reuse), and any other cala- 
lylically significant process variables prior to, during, or 
subsequent to catalytic (reaction-based) screening of the 
candidate catalyst material for a particular reaction (or 
reactions) of interest . 

[00K7] Variations in process conditions can, in general, be 
simultaneous (i.e., parallel variation in conditions), serial, or 
semi-parallel (i.e., serial with respect lo a parallel subset), 
hut are preferably parallel variations in process condition. 
Reaction condilions for synthesis can be varied within 
elements of an array, or between di lie rent arrays. See for 
example, U.S. Pal. No. 6,004,617 to Schullz et al. Reaction 
conditions during screening can also be varied between 
different arrays and/or wilhin elements of an array, as 
discussed above, and as further detailed for simultaneously 
variation of reaction condilions using a multi-variable opti- 
mization reactor (MVO) such as that described in U.S. Ser. 
No. 60/185,566 filed Mar. 7, 2000 by Bergh et al., U.S. Ser. 
No. 09/801,390 filed Mar. 7, 2001 by Bergh el al., and U.S. 
Ser. No. 09/801,389 filed Mar. 7, 2001 by Bergh el al. 
Catalytic performance can he characterized by any suitable 
pe r forma nee -indica ling parameter. Conversion and selectiv- 
ity for a particular react ion of interest are particularly 
preferred. See, for example, U.S. Ser. No. 09/518,794 filed 
Mar. 3, 2000 by Bergh et al.; see also U.S. Ser. No. 
09/093,870 filed Jun. 9, 1998 by Guan et al. 



DCID: <US2002042l4OAl \ > 



US 2()()2/()()42l4() A I 



14 



Apr. 1 1 , 2002 



[<M)8K] The libraries can include one or more representa- 
tive compositions. A representative composition is a com- 
position that is eomposit ion ally representative of a compo- 
sitional space to be evaluated in one or more subsequent 
screening experiments (e.g., one or more parallel screening 
evaluations). Such compositional space can typically be 
defined by a library comprising a plurality of diverse com- 
positions having one or more common elements at various 
concentrations (a unitary library), preferably two or more 
common elements at various concentrations (a binary 
library) more preferably three or more common elements at 
various concentrations (a ternary library), or a higher-order 
library (e.g., a quaternary library). See U.S. Pal. No. 5,985, 
356 to Schultz et al., and U.S. patent application Ser. No. 
00/156,827 filed Sep. 18, 1998 by Ciiaquinta el al. The 
representative composition is a composition included within 
the compositional con lines of the space to be evaluated. A 
preferred representative composition of a ternary library 
comprising elements A, B, and C, each ranging from 0% to 
100% within the ternary library, can comprise, for example, 
IAA, '/;H and '/*(?. 

[W>K9] The libraries can also include one or more standard 
compositions. A standard composition is a composition 
present at a plurality of lest regions (e.g., reaction vessels or 
reaction sites) of an array, and in some embodiments, is 
preferably present al Ihree or more test regions, four or more 
test regions, six or more lest regions, or eight or more test 
regions. 

[0090] The libraries can, generally, comprise candidate 
catalysis materials that include one or more catalyst plat- 
forms. A catalyst platform, as used herein, is intended to 
refer to a plurality, and preferably higher numbers (as 
described herein and in the relaled appliealions/palcnis), that 
have common or relaled chemical (molecular) composition 
or structure. Exemplary catalyst platforms include supported 
or bulk mixed metal oxides (MMO's), noble-melal/base 
metal (NM/BM) or oxides thereof, polyoxometallales 
(POM's), zeolites and other relaled, microporous and meso- 
porous materials, among others. The members of a catalyst 
platform can be presynlhesizcd, and available in library 
format as source materials, which can in application, be 
daughtered for use in synthesis protocols to prepare of the 
arrays of the present inventions. 

[0091] As noted, the set of parallel experiments to per- 
formed simultaneously, preferably in an integral parallel 
reactor, involve controlled variations in process conditions, 
such as reaction conditions. More generally, process condi- 
tions refer, inclusively, to (i.e., is intended as being generic 
to) synthesis protocols (e.g., precipitation, impregnation, 
spray drying, etc.), synthesis conditions within a particular 
synthesis protocol, pretrealmenl protocols (e.g., physical 
prclreatmenls such as healing or calcining, mechanical pre- 
treatmenls such as compaction, grinding, sieving, and/or 
chemical prelrealments such as reduction (e.g., by 112, 
C2II4, etc.), activation (e.g., by C2II4), partial oxidation, 
etc., prelrcalmcnt conditions within a particular pretrealmenl 
protocol, reaction conditions (e.g., selected from the group 
consisting of temperature, pressure, space velocity and con- 
tact lime, and especially selected from the group consisting 
of space velocity and contact lime), regeneration conditions 
(e.g., post-reaction treatments prior to reuse), and any other 
calalylically significant process variables prior to, during, or 



subsequent to catalytic (react ion -based) screening of Ihe 
candidate catalyst material for a particular reaction (or 
reactions) of interest. 

[0092] Preliminary Evaluation of Process Conditions, 
With Simultaneous or Subsequent Evaluation of Composi- 
tional Space) 

[0093] Generally, evaluation of process conditions prior to 
or concurrently with a study of compositional space oilers 
substantial efficiencies over prior art approaches of explor- 
ing compositional space first, through one or more screening 
experiments, lo identify hits and/or leads, and then subse- 
quently optimizing process conditions for the identified hits 
and/or leads. 

[0094] Prescreening of Representative Composition al 
Various Process Conditions 

[0095] In one embodiment, with reference lo FIG. 3 A, a 
represenlative composition 200 or a library comprising an 
array of representative compositions 200 (e.g., on a common 
support 250) can be evaluated for calalylic performance al a 
plurality, preferably al least three or more, and most pref- 
erably al least four or more, live or more, six or more, seven 
or more, or eight or more different process conditions (PCI, 
PC2, PC3, PC4, PCS, . . . PCn) (e.g., dilferenl reaction 
conditions, d inherent synthesis protocols, etc.). One or more 
of the evaluated process conditions are identified as being 
preferable relative lo olher evaluated process. An array 300 
comprising a library of diverse candidate materials that 
define Ihe compositional space to be explored is subse- 
quently screened at, substantially at, or between one or more 
of the preferred process conditions Ppreferred identified in 
the earlier screening experimenl(s). Further compositional 
and or process optimization can then be effected with 
additional libraries/screens, as desired. 

[0096] In another embodiment, constituting a variation of 
the aforementioned embodiment, the represent a live compo- 
sition is, with reference to FIG. 4A, evaluated in one sel of 
experiments at various reaclion conditions (PCI, PC2, PC3, 
PC4 . . . PCn), and in another set of experiments with respect 
lo various synthesis protocols (or alternatively, various syn- 
thesis conditions for a particular synthesis protocol) or 
pretrealmenl protocols (generally indicated in FIG. 4 A as 
SI, S2, S3, S4, . . . Sn), in each case, substantially as 
described in the immediately preceding embodiment. One or 
more preferred reaclion conditions (e.g., Ppreferred), and 
one or more preferred synthesis protocols (e.g., Sprcf erred) 
are determined. A third sel of reaclion screening experi- 
ments — involving a eomposit iona 11 y diverse array 300 syn- 
thesized using the preferred synthesis protocols (Spreferred) 
is then screened in a reaction-based screen lo evaluate 
compositional diversity (represented schematically in FIG. 
4B) under preferred reaclion conditions, Ppreferred. 

[0097] Simultaneous Evaluation of Process Conditions 
and Initial Compositions, with Subsequent Evaluation of 
one or more Compositional Focus Libraries 

[0098] In a variation of the a fore mentioned approach, an 
array comprising a representative composition (e.g., as a 
standard composition) at one or al a plurality of lest regions 
(e.g., reaclion vessels) (e.g., preferably Ihree or more, and 
most preferably four or more dilferenl, spatially determina- 
tive regions of a substrate), and preferably a eomposit ion- 
ally-diverse array, is evaluated for calalylic performance al 
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a pi lira lily, preferably al Icasl ihrce or more, and most 
preferably al leasl four or more, live or more, six or more, 
seven or more, or eighl or more diffcrenl process conditions 
(e.g., different read ion condiiions, dill ere nl synthesis pro- 
tocols, etc.). One or more of ihe evaluated process condi- 
tions are identified as being preferable relative to other 
evaluated process. Additionally, one or more of the diverse 
compositions are identified as being preferable, with respect 
to catalytic performance, relative to other evaluated com- 
positions. An array comprising a focus library based on the 
identified preferred candidate catalysts that define a different 
(e.g., focused) compositional space is subsequently screened 
at, substantially at, or between one or more of the preferred 
process condiiions identified in the earlier screening experi- 
ments), further compositional and or process optimization 
can then be effected with additional libraries/screens, as 
desired 

[<M>99] Simultaneous Evaluation of Process Conditions 
and Array of Initial Compositions, where Initial Composi- 
tions Comprise Two or More I )i ffc rent Catalyst Platforms, 
With Subsequent Evaluation of one or more Libraries of a 
Preferred Catalyst Platform 

[01(H)] Evaluation of process condiiions using an array 
comprising broadly diverse, compositional variations is also 
advantageous. In a preferred embodiment, an array com- 
prising at least two or more, or in some cases, at leasl three 
or more, or al least four or more different catalyst platforms 
(e.g., mixed-metal oxides (MMO's), zeolites and other 
related mesoporous or microporous materials, noble-metal/ 
base metals (NM/HM), polyoxomela Hales (POM's), and 
others, as supported catalysts or unsupported (bulk) cata- 
lysts) is evaluated lirsl with respect to process optimization. 
Specifically, the multi-platform array is evaluated for cata- 
lytic performance al a plurality, preferably a I least three or 
more, and most preferably at leasl four or more, live or more, 
six or more, seven or more, or eight or more different 
process condiiions (e.g., diffcrenl reaction condiiions, dif- 
ferent synthesis protocols, elc). One or more of ihe evalu- 
ated process condiiions are identified as being preferable 
relative lo other evaluated process. Additionally, one or 
more of the different catalyst platforms are identified as 
being preferably relative lo other evaluated catalyst plat- 
forms. An array com prising a library of candidate ca la lysis 
of the identified catalyst platform is subsequently screened 
al, substuniially al, or between one or more of the preferred 
process conditions identified in the earlier screening experi- 
ments). Further compositional and or process optimization 
can then be c Heeled with additional libraries/screens, as 
desired. 

[0101] Simultaneous Evaluation of Process Condiiions/ 
Initial Compositions wilh Predictive Exlrapolalion 

[0102] Evaluation of process conditions wilh prediclive 
extrapolation is likewise advantageous with respect to effi- 
ciency. In a preferred embodiment, with reference to KIC*. 
5 A, an array 300 comprising com posit ion ally varying can- 
didate catalysis (e.g., varied as described in above with 
rcspcel lo composition), together with al leasl one "stan- 
dard" composition (preferably from the same library family 
being evaluated) thai is repealed al a plurality, preferably 
Ihree or more, and most preferably al leasl four or more 
dillcreni test regions (e.g., reaction vessels or wells of a 
substrate — or in diffcrenl modules comprising reaction ves- 



sels) is evaluated for catalytic performance under a plurality 
of process conditions, and preferably under al leasl three or 
more, and most preferably at leasl four or more, live or more, 
six or more, seven or more, or eight or more different 
process condiiions (e.g., different reaction condiiions, dif- 
fcrenl synthesis protocols, etc.), wilh different process con- 
ditions for each of the plurality of standard compositions in 
the array. 

[0103] The catalytic performance of the standard compo- 
sition under different process condiiions provides a basis for 
statistical analysis of ihe results, which can be used lo 
extrapolate Ihe results for the varied compositions lo ihe 
dillcreni process condiiions. Specifically, with reference lo 
FKJ. 5H, for example, a masler curve of determined per- 
formance characteristics (e.g., selectivity, S, versus conver- 
sion, C) can be plot led for ihe standard composition a I each 
of the dillcreni process condiiions. The masler curve for the 
standard composition, together with catalyst performance 
data for one or more of ihe evaluated compositions of the 
original array al one or more of ihe evaluated process 
condiiions (preferably al two or more, ihree or more, or four 
or more thereof), can then be used to predict, using malh- 
ematieal models (e.g., computer-implemented algorithms) a 
master curve for each of the olher compositions, thereby 
essentially defining the entire performance surface function 
for the screened compositional and process-varying space. 

[0104] The predictive value, while certainly improving 
overall screening efficiency (e.g., defined as an experiments 
per hour basis), relies on certain assumptions, including ihe 
assumption of a smooth (relatively smooth) performance 
surface function for the reaction of interest for the parameter 
space (e.g., compositional, process condition) being inves- 
tigated, and on the applicability of ihe mathematical model 
to define the relationship between the empirically-deter- 
mined masler curve for the standard composition, and the 
predicted masler curve for Ihe olher screened compositions. 
Somewhat surprisingly, research lo date involving hetero- 
geneous catalysis of several hundreds of thousands of 
experiments (combinatorial, high-lhroughpul experiments) 
for several dillcreni read ion systems, has confirmed the 
validity of a smooth performance surface function. 

[0105] Mathematical models can be determined from lit- 
erature, if possible, and/or postulated and evaluated specifi- 
cally for the reaction of interest. Prediclive value can be 
improved empirically, for example, using a larger number of 
empirically-derived data points for ihe compositions being 
evaluated, as shown in KIC. 5C (with four data poinls), 
although, as a tradeoff, there is a reduction in overall 
efficiency. 

[0106] According lo one exemplary embodiment, the 
above-described protocols involving simultaneous evalua- 
tion of process conditions wilh prediclive extrapolation can 
be effected in a parallel How reacior, such as a 4S-channel 
fixed bed reactor described in the related palenl applications 
and in U.S. Pat. No. fi,14°,X82 lo C»uan el al., and configured 
as eighl modules, each comprising six reaction vessels. 
Several approaches are described herein for improving ihe 
efficiency of initial process screening in the multi-channel 
parallel reactor. 

[0107] FIG. 5 A shows a schematic representation of a 
4S-channel parallel How reactor comprising eighl modules 
(represenlcd as rows) having independeni reaction condition 
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control, where each of the eight modules comprises six 
reaction vessels (represented as rectangles, eight per row, in 
six columns). In one embodiment, at least one reactor vial in 
each row can comprise a standard catalyst or catalyst pre- 
cursor. As discussed above, the performance of this standard 
catalyst inwards different operating conditions provides a 
basis lor statistical analysis of the results, and extrapolation 
of results for the non-standard catalysis or precursors. The 
reliability of the prediction can be improved, in another 
embodiment, by using more than one standard at two or 
mm* * » I* I he reaction conditions, for example, as shown in 

ii<;.5\ 

[III OS | The usefulness of this strategy screening strategy 
can Ik demonstrated by comparing a non-predictive 
approach with the predictive approach of this aspect of the 
invention. As a basis of comparison, assume that the lime 
required for screening and analysis of the array of catalysis 
is aboin IO minutes per row, using three, two-channel gas 
chroinatographs. Under such assumption, it would lake 
aUun NO minutes lo run an entire library of 48 samples. An 
entire library of 4N samples is screened — without using the 
standards catalysts and without using the predictive extrapo- 
lation approach of ihe present invention — for example, al 
eight di lie rent read ion conditions. To screen the 48 ea la lysis 
under the S dill ere ill read ion condition requires 8x48=384 
data points, and a loial of 10.66 hours. ITie throughput is 36 
dala points hour. It may be noted thai here we are not taking 
into accmini the problems due to possible catalyst deacti- 
vation as a lu net inn of reaction time. 

[010V] If a library is employed comprising (i) a standard 
catalyst in one reaction vessel of each of the eight modules, 
as shown in M<i. 5A (shaded region in column indicating 
standard catalysis), as well as (ii) duplicates of each of 
twenty (20) candidate catalysis in the remaining 5 columns 
of I he OxS array of reaction vessels. Thus the library has 
duplicates of 20 d liferent catalysts and six copies of 1 
stand art I catalyst. Lach of the eight modules (rows) are 
screened with each module being at a different reaction 
condition, as noted in FICI. 5A. This screening generates 48 
real data points for catalytic performance (e.g., conversion, 
C, and selectivity, S) for the read ion of interest. With 
reference to FICi'. 51), the foriy-cighl data points are plotted 
onto a master curve of selectivity versus conversion (or 
analyzed equivalentlv, without actual plotting, using auto- 
mated software). The standard catalyst has eight different 
data points (indicated as x's in FICi. 51)) corresponding lo 
each of i he eight dillerenl reaction conditions at which the 
standard composition was screened, liach of the duplicates 
of the other twenty catalyst candidate compositions are also 
plotted on the master curve (shown, in FICI. 50, only for Iwo 
of such compositions, composition I with actual empirical 
dala at reaction conditions PC3 and P( '6, and composition 2, 
with actual empirical data at reaction conditions PC '2 and 
PC5). Based on the two actual dala points for each of the 
twenty dillerenl library members, and based on the data for 
Ihe standard catalyst composition, mathematical model algo- 
rithms can then used to extrapolate and predict the perfor- 
mance characteristics for the twenty compositions at each of 
the other reaction conditions — even though they were not 
actually empirically screened at such conditions. As a figure 
of efficiency gain, note that the total information gleaned 
from the experiment, including both actual empirical data 
and statistically derived "predicted" dala, includes 168 dala 
points (48 real dala points +120 extrapolated dala poinls 



representing 21 dillerenl catalysts under 8 dillerenl reaction 
conditions). The throughput is therefore J 1 1 dala poinls per 
hour (compared lo 36 dala points per hour, without the 
predictive approach). 

[0110] In another exemplary approach, in which some 
gain in efficiency is achieved, but the predicted data has 
enhanced re liability, one entire row can be loaded with the 
standard catalyst composition as shown in FICi. 5A. The 
remaining reaction vessels comprise ten different candidate 
catalysis, with each of the different catalysts being repeated 
four limes (instead of duplicates, as in the previous 
example). I lence, as depicted in FIG. 5L:, the parallel reaclor 
screens 10 dillerenl catalysis (each at four different reaction 
conditions) and one standard (al eight dillerenl reaction 
conditions). Again, I his generates only 48 real em pi real dala 
poinls, but Ihe in forma lion can be extrapolated lo 40 addi- 
tional predicted dala poinls (10 dillerenl catalysts at four 
different reaction conditions) for a total of 88 total dala 
points. This happens in 1.33 hrs, and therefore the through- 
put is 66 dala points per hour. 

[0111] Basis for Catalyst Evaluation other lhan Weight 

[0112] Catalysis can be supplied lo reaction screening 
apparatus on a equal weight basis, on an equal volume basis 
or independently of either weight or volume — for compari- 
son between dillerenl channels of the reactor. In view of the 
substantial amount of lime lo effect such weighing for 
numerous catalyst candidates, however, and the inherent 
potential for inaccuracies, comparison without a weight 
basis can be advantageous. 

[0113] Catalyst Evaluation wilh Volumetric Basis, Rather 
lhan Weight (Mass)Basis 

[0114] Catalyst libraries (e.g., wilh dillerenl catalyst can- 
didates) are preferably screened in parallel, and the relative 
catalytic performance of the candidate catalysts is deter- 
mined, preferably simultaneously. The comparative basis of 
the determined performance results being provided through 
equal volumes — rather than equal weights, necessarily — of 
ca l a lysis, calalysl supports, and/or catalyst precursors. Such 
an approach is particularly advantageous wilh respect arrays 
comprising higher numbers of library members (e.g., ten or 
more, preferably iwenty or more, more preferably forty or 
more, even more preferably ninety or more, and most 
preferably one-hundred and fifty or more library members) 
due to the relatively less tedious, ease of parallelizalion of 
volumetric dispensing protocols, as compared lo weighing 
protocols. Moreover, arrays of candidate calalysts are pref- 
erably prepared and screened using a volumetric compara- 
tive basis, since the useful calalysl metrics and reaction 
parameters such as contact time, space velocity and space- 
time-yield, are defined with respect lo catalyst volume and 
not weight. Hence, arrays of candidate calalysts are prefer- 
ably prepared by providing substantially the same volume of 
a catalyst support, calalysl precusor, and/or catalyst for the 
various candidate catalysts of the array, mosi preferably 
wiihoul weighing ihe support, calalysl precursor and/or 
calalysl, and then screening the array to determine the 
relative catalytic performance. 

[0115] In a preferred approach for volumetric-based arrays 
comprising supported calalysts or calalysl precursors, the 
supports (e.g., alumina, silica, etc.) comprise microspheres 
or other micropa nicies that are substantially the same size 
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and/or otherwise substantially identical with respect to pack- 
ing, such that cqui-volumes is substantially equivalent to 
equi -weights. The particle size distribution (e.g., diameter of 
spheres) preferably varies by not more than about 20%, 
more preferably not more than about 15%, even more 
preferably not more than about 10%, still more preferably 
not more than about 5%, yet more preferably not more than 
about 39?s more preferably still not more than about 2% and 
most preferably not more than about 1%. Ilic actual particle 
size employed is not narrowly critical, and can vary depend- 
ing on the particular chemical reaction of interest. In some 
applications, however, it is preferable to employ particles 
with the aforementioned particle si/.e distribution and having 
a size (e.g., diameter) ranging from about Vw lo about l /iu of 
the size (e.g., diameter) of the lixed-bed reactor used in the 
reaction screening. Typical diameters for particle size can 
range, for example, from about 100 um to about 2 mm, and 
preferably from about 200 um to about 500 um. For a 4 mm 
inside diameter lixed-bed reaction zone, for example, a 
preferred particle size ranges from about 200 urn to about 
400 um. 

[0116] Catalyst Evaluation Independent of Weight (Mass), 
and Optionally, also Volume 

[0117] In another preferred approach for determining the 
relative performance of catalyst candidate materials, an 
array comprising supported or unsupported catalysis, and/or 
catalysts precursors can be screened under reaction condi- 
tions (e.g., temperature, pressure, space velocity and/or 
contact lime) that are systematica lly varied (e.g., as gener- 
ally described above) for each of the different catalyst/ 
precursor materials to determine performance characteristics 
(e.g., conversion, C, and/or selectivity, S, etc.) at each of the 
various reaction conditions. The diflcrent process conditions 
can include a plurality of process conditions, and preferably 
at least three or more, and most preferably at least four or 
more, live or more, six or more, seven or more, or eight or 
more di tie rent process conditions (e.g., different reaction 
conditions, different synthesis protocols, etc.). For reaction 
conditions, variation in temperature and space velocity are 
particularly preferred. The catalysis and/or catalyst precur- 
sors can be prepared independently of (i.e., without consid- 
eration of) the mass of materials, and optionally but less 
preferably, also independently of volume of materials. 

[01 IK] The performance characlerisiics al the various pro- 
cess conditions can then be plotted for each of the library 
members lo obtain a master curve plot (e.g., C vs. S for each 
of the various library members, based on data from the 
different process conditions). Evaluation of the relative 
performance of the candidate catalysts can be c Heeled by 
comparing their respective master curves. As one measure of 
comparison, for example, the relative areas under the respec- 
tive master curves can be compared. Alternatively, a 
weighted area — for example, with reference lo FIG. 6, 
considering Ihe area encompassed by the curve above a 
particular target selectivity (e.g., 70%) and a particular 
conversion (e.g, 20%)— can be compared for each of the 
candidate catalysts, to determine the best -performing cata- 
lyses). Advantageously, knowledge of the sample weighl for 
each particular library member is not required for com para - 
live evaluation. That is, evaluation of catalyst performance 
while varying process conditions (e.g., space velocity) pro- 
vides a comparative basis between the different library 



mcml>crs that is independent of weighl of candidate mate- 
rial, and optionally, also independent of volume of candidate 
material. 

[0119] Selective Aclive-Phase Synthesis (Heterogeneous 
Catalysis Synthesis Kit) 

[0120] In a preferred catalyst or catalyst precursor prepa- 
ration approach, calalytically active or promoter phases for 
a reaction of interest are identified, for example, through 
scooping experiments (e.g., involving experimental work- 
ups) and/or through relevant literature. For each catalyst or 
catalyst precursor of a combinatorial heterogeneous catalyst 
library comprising four or more, and preferably higher 
numbers of such catalyst 1 catalyst precursor, two or more 
calalytically active or promoter phases (e.g. comprising a 
single element (i.e. a single phase), or comprising two or 
more elements (e.g., binary, ternary, quaternary and/or 
higher-order phases)) are preformed as separate components 
defined by distinct phases. The preformed components have 
an essential, substantial absence of detrimental composi- 
tional phases — phase compositions that would be detrimen- 
tal lo catalytic performance for ihe reaction of inieresi. The 
calalytically active components are subsequently combined 
(e.g., physically, through integral mixing of particles, such 
as through the parallel compaction, grinding and sieving 
process disclosed above) lo form the catalyst candidate or 
catalyst precursor. Following optional prcircaimenl (e.g., 
moderate temperature calcining — such as less than about 
500 C), the library of candidate catalysis can be screened in 
high-throughput (preferably simultaneously, in parallel) for 
catalytic performance for the reaction of interest. 

[0121] The aforementioned approach offers substantial 
advantages over convent ional "single-spot" approaches to 
forming combinatorial libraries of candidate heterogeneous 
calalysls. Such single-pot synthesis protocols necessarily 
resull in the formation of all thermodynamically possible 
phases for the elements of interest used in the synthesis — 
without regard to whether such formed phases are beneficial 
or delri mental lo calalyst activity and /or promotion. In 
contrast, the preliminary identification of, and preforming of 
the calalytically active or promoting phases for a reaction of 
interest avoids the formation of and presence of calalytically 
detrimental phases in the candidate materials. With refer- 
ence lo FIGS. 7A, and 7B, for example, a member of a 
heterogeneous catalyst library of a quaternary composition 
comprising elements A, B, C and 0 is advantageously 
prepared using the afore-described selective active -phase 
synthesis protocols (FIG. 7B) ralher than the conventional, 
single-pol synthesis protocols described to date in connec- 
tion with the preparation of combinatorial heterogeneous 
catalyst libraries (FIG. 7A). Single-pol synthesis can resull 
in a number of detrimental or inactive phases (e.g., BCD, 
Al), ABC, AC, CD, BC, and BD as shown in FIG. 7A), lhal 
can lead to false negatives during combinatorial, high- 
ihroughpul screening, despile the fact that active or pro- 
moter phases (e.g., AB and CI) as shown in FIG. 7A) are 
also presenl in the candidate catalyst compositions being 
screened. Selective active- phase synthesis results only in 
aciive and promoter phases presenl in the candidate calalyst 
compositions (e.g., AB and CD as shown in FIG. 7B). 

[0122] Advantageously, known or determined active or 
promoter phases can be preformed and provided as separate 
source materials — indeed as a source library — useful for 
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subsequent preparation of candidate catalyst libraries. Such 
a heterogeneous catalyst source library, or "kit", can com- 
prise, for example, a plurality, and preferably four or more, 
ten or more, twenty or more, forty or more, seventy or more 
or one-hundred or more dilfcrent components, each compo- 
nent comprising one or more active or promoter phases lor 
one or more dillercnl reactions of interest or classes of 
reactions of interest (e.g, dehydrogenalion reactions). The 
source library or "kit" can comprise a plurality (and pref- 
erably three or more, four or more or higher numbers) of 
diifcrcnt catalyst platforms, and can also comprise a plural- 
ity of (and preferably three or more, four or more, or higher 
numbers of) different catalytic functionality — with various 
capabilities for e Heeling, promoting, activating or enhancing 
the making or breaking of a particular type of covalenl bond. 
Exemplary components for which active or promoter phases 
are known include, for example, acidic functionality for 
C — II bond activation, oxygen insertion functionality for C 
oxidation, oxygen activation functionality for oxidation 
reactions, proton abstraction functionality for dehydrogena- 
lions, dehydrocoupling, dehydrodimcrizalion, selective oxi- 
dations, aminalions, or ammoxidalions, and dehydrogena- 
lion functionality for dehydrogenation reactions. Further 
functionalities of interest are defined in the literature — both 
generally lor heterogeneous catalysis, and specilically with 
respect lo particular reactions of interest or classes of 
reactions. Exemplary components can be based on various 
catalyst platforms (e.g, polyoxomela Hates (POM\s) with 
different cations, supports, noble metals, or zeolites, etc.), 
and can have di lie rent functionalities and/or various degrees 
of the same functionalities. The arrangement and/or organi- 
zation of the source library or kit is not narrowly critical. 
Conveniently, however, the components of the source 
library can be organized (e.g, grouped) and/or selected with 
respect lo particular catalytic functionality and/or by catalyst 
platform type. 

[0123] Libraries of catalysis and/or catalyst precursors can 
be prepared by selecting, and optionally daughlering, the 
preformed aclive phases from the source library or kit in 
various combinations, and physically integrally combining 
such phases, as described above. Preferably, components 
comprising two or more dilferenl catalytic functionalities are 
combined lo form each of the plurality of candidate ca la lysis 
or catalyst precursors of the library. With reference to FIG. 
7H, for example, where AB and CD represent, for example, 
hydrocarbon activation functionality, and oxygen activation 
functionality, the AB and CI) components of a source library 
or kil can be selected and combined lo form Ihe integral 
AB/CD Iwo-phase composition, useful for effecting reac- 
tions involving oxidation of C atoms, with an essential, 
substantial absence of detrimental phases for the oxidation 
reaction. The combinatorial library can comprise candidate 
catalyst or catalyst precursors that vary with respecl lo each 
other in terms of amounts (e.g., concentrations) of AB phase 
relative lo CI) phase, and/or wilh respecl lo other compo- 
nents (e.g, promoters, dopants impregnated or otherwise 
combined wilh the AB/CD phases). In one non-limiting 
example, a combinatorial library can comprise candidate 
catalyst prepared by daughlering of a common master batch 
of diverse catalyst precursors corresponding lo the prede- 
termined active phase(s), followed by doping each master 
batch with varied dopants. 

[0124] Systems exemplifying the desirabilily of preform- 
ing aclive or promoter phases of heterogeneous catalysts are 



known, and have been applied with respect to single cata- 
lytic systems. Such systems could be incorporated into 
combinatorial, high-lhroughpul source libraries (kits), 
library design and screening applications, as described 
above. Exemplary systems are listed in Table 3A. 

TABLE 3A 

Hxemplary Aclive Phase Components for Source I .ibrary/Screcning 
l-'e — Sb — I* — O (nmmoxidation catalyst) 

KeSb04 aclive phase nol formed in Ihe presence of V 

KeSh()4 must be preformed as a binary component, then mixed with V 

MoBihc( oNiWPO (propylene oxidation catalyst) 

powdered iron molybdate preformed, and then mixed as <:cl wilh other 
components 

VMoNbCuWO (acrylic acid catalyst) 

CuMo04 oxygen pump preformed, and then mixed with other 
components 



[0125] Other applications of such approach will be appar- 
ent from the art. 

[0126] Library Design Screening Based on C atalyst f unc- 
tionality 

[0127] In another preferred approach for library design 
and screening protocols, libraries are comprised of materials 
comprising particular catalytic functional ities. That is, raiher 
than designing and screening libraries by parametric map- 
ping of compositional space, libraries can be designed and 
screened according to catalytic functionality space — without 
regard lo material composition or structure. Catalytic func- 
tionality refers to capabilities of a material for e Heeling, 
promoting, activating or enhancing the making or breaking 
of a particular type of covalent bond. Exemplary compo- 
nents for which active or promoter phases are known 
include, for example, acidic functionality for C — II bond 
activation, oxygen insertion fu nciionalily for C oxidation, 
oxygen activation functionality for oxidation reactions, pro- 
ton abstraction fund ion a lily for dehydrogenalions, dehydro- 
coupling, dehydrodimerizalion, selective oxidalions, amina- 
lions, or ammoxidalions, and dehydrogenalion functionality 
for dehydrogenalion reactions. Further fu net iona lilies of 
inleresl are defined in the literature — both generally for 
heterogeneous catalysis, and specifically with respect lo 
particular reactions of interest or classes of reactions. Exem- 
plary materials for a catalyst functionality libary can be 
based on various catalyst platforms (e.g, polyoxomelal kites 
(POM's) with different cations, supports, noble metals, or 
zeolites, etc.), and can have different functionalities and/or 
various degrees of the same functionalities. 

[0128] The arrangement and/or organization of the eala- 
lytically functional libraries is nol narrowly critical. In one 
exemplary embodiment, a calalylically functional library of 
materials can comprise a plurality of members having a 
common catalytic functionality, without regard to composi- 
tional structure, and in preferred embodiments, wilh a diver- 
sity of catalytic platforms. 

[0129] With respecl lo screening of such functional librar- 
ies, the screen can be ellected lo delermine performance 
wilh respecl lo ihe ultimate reaction of inleresl, but is 
preferably effected with respect lo an inlermediale reaction, 
and/or wilh respecl to another reaction (i.e., making or 
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breaking of ;i covalent bond) which results in cilher a 
delectable read ion product and/or other means lor delecting 
performance of ihe library material with respect to the 
functionality being screened. In preferred approaches, the 
screening determines performance of and can Ix; employed 
to optimize functional preformed components for a catalyst 
candidate for a particular reaction of interest, where such 
components, after individual optimization by functional 
screening, will be subsequently combined into a multi-phase 
catalyst composition (e.g, as described above in connection 
with the heterogeneous catalysis kit concept). 

[0130] Various systems are known in the literature as 
having specific catalytic functionality. 

[0131] ~ Acidic functionality can be provided, for example, 
using components such as (CV, Mo, W)/A1203, zeolites, 
l'()M ; s, II3l*04/Si(>2, resins with sulfonic acid groups like 
Amberlyst, Nalion/silica composites, BKVAI203, Ti()2- 
Si02, AI203-SiO2 or even homogeneous acids like A1C13, 
BI-3, 111', etc. Known de hydrogen a lion functionality include 
components such as noble metals. Mo — V — Nb, Mg-vana- 
dales, K-b ism u tales, base metal oxides (CuO, NiO, Co304), 
K — (Cr, l : e)/A1203, among others. 

[0132] A 2-funclion combinatorial library according to the 
invention with an acidic and an dehydrogention function 
would consist of all the permutations of the above sub- 
systems. I 'or example, a library comprising such combined 
fu net inoa lilies could be arranged or configured as, for 
example: P1+W/A1203 in the (row I, col J) element of the 
library, Pl+IIY zeolite in the (row 1, col 2) element of the 
library. Mo — V — Nb+W/A1203 in the (row 2, col I) element 
of the library, etc. as further shown in Table 2 A: 

TAItl.II 2A 



TAUMi 215-continued 



Kxcmplary Catalytic l-'unclionaliiy Library 



wy 

AI2C> 



IIY- 

/eolite 



tll'W- 
!>OM 



1131*04/ 

silica 



Nation/ 
silica 



t»i i.i i, : 


I. 3 


1.4 1.5 


MoVNh 2. 1 2. 2 


2. 3 


2. 4 2. 5 


Mg.*(V04)2 3. 1 .\ 2 






KIJi()3 4. 1 -4. 2 






C'o304 5. 1 5. 2 






K — Cr/Al2<>;> <>. 1 h, 2 


o. 3 


<>. 4 h. 5 


[0133] The functionality of 


various 


com pone nls and/or 


subsystems of complex commercial c; 


ilalysts for oxidation 


catalysis is known in the art. (C 


irassell 


i, Rimini, l"W), and 


is summarized in the following 


, Table 


2li: 



TAIJI.L 2H 



Component I'unctionality of Virions Commercial ( aialysls 
clement/phase 1'unciion 



Acrylonihilc catalyst: 
(K. Cs) 

(Ni. Mg. Mn. Co) 

rVc. ( v. en 

DiMoO 
KcMoO 

(p. sbi 

Si02 



modifier 

host 

redox 

tl abstraction, active phase 

reoxidation 

stabilize) 

carrier 



Component l-'u net iona lily ol' Vtriotis Commercial Catalysts 
element/phase function 



Acryto nit rile catalyst: 
Na 

(Cu. Mj:. Z.n. Ni) 

(V. W) 

ShO 

l-cMoO 

Te 

Si()2 

SI K '(Selective Hydrogen Combustion 

to shift (he equilibrium in 

dchvd roue nations): 

I»tSn/At2()2> 

((\Pl/AI203. 

BilnCX Sb2()4 f 

liiMoCX InMoO) 



modifier 
modi tier/ host 
redox 

II abstraction + O insertion. 

active phase 

host, reoxidation of Sh 

selectivity enhancement 

carrier 



ox i d at i ve de h yd rou e na t i o n 
hydrogen combustion 



[0134] ITiese completely different catalyst platforms each 
have the same catalytic functionality — namely 112 combus- 
tion to II20. Hence, an exemplary library according to the 
present invention, where a 112 combustion functionality is 
desired to be screened could contain the phases listed in 
these phases for combinalorialization. 

[0135] Additionally, catalytic functionality can be charac- 
terized with respect to overall conversions, in a mulli-slep 
mechanism. As exemplified for propane to acrylic acid 
conversion, the functionality of the components of the 
commercial -catalyst, VMoNbTeUiO, can be considered as 
listed in Table 2C. 

TABLE 2C 

I -unci iona lily of Components for Propane to Acrylic Acid Conversion 

VNh propane dchydrogcnnlion to propylene 

IJiTeMo propylene oxidation to acrolein 

VMo acrolein oxidation to acrylic acid 



[0136] Hence, screening of mult i function libraries clari- 
fies the role of each function, to provide a basis for evalu- 
ating whether, or to what exlenl, a particular function is 
required for the particular reaction of interest (e.g. whether 
and if weak, medium, strong acidic sites arc needed). 



[0137] 

forms 



Specific Combinations Library and Screening Plal- 



[0138] Particular library and screening platforms, com- 
prising various combinations of particular elements have 
been found to be particularly advantageous in a combina- 
torial (i.e., high-throughput) research program directed to 
heterogeneous catalysis. The various platforms, together 
with the constituent groups of elements are summarized 
below. As screened, the listed elements are, in most cases, 
present as oxides of the elements formed, in various stable 
or quasi-stable oxidation slates, during calcination and/or 
olhcr pretreatment steps. Additional components (e.g., 
dopanis) can lie included with respect to each of the 
described platforms. For example, each of the catalyst 
candidates or catalyst precursors can be doped wilh one or 
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more alkaline metals, alkaline earth metals, rare earth met- 
als, and/or noble metals. In use, libraries comprising candi- 
date catalysts comprising various combinations and/or con- 
centrations of the components are screened in parallel How 
reactors to evaluate the relative catalytic performance, and 
ultimately to identify new catalysts for a particular reaction 
of interest. 

[0139] Redox-Acidic-Dispcrsanl 

[0140] One preferred library/screening platform com- 
prises a plurality of candidate catalysts, where each of the 
plurality of different candidate catalysts comprises, or alter- 
natively, consists essentially of, a redox component, an 
acidic component and a dispersanl component. Preferred 
redox components, acidic components, and dispersanls are 
preferably selected from the groups listed in Table 1A, 
respect ivcly. The dispersanls can be provided, for example, 
as supports, such as alumina, litania, zirconia, or silica. Such 
a platform can be applied, for example, to investigate the 
conversion of alkanes (e.g., ethane) to their corresponding 
oxygenates. 

TABLli 1A 

Redox - Acidic - Dispersanl Platform 

Redox Component: V. Cr. Mo. Co. Ni. Cu. Ag. Bu Cc. Nd. Sm : Mn 
Acidic Component: Ti. Nb r la. Mo. W ; Fc ? l$" A). Si. I» 
Dispersanl Component: Z.r. Ti. Al. Si 



[0141] Rcdoxl-Kudox2-Dispcn»nt 

[0142] Another library screening platform can comprise a 
plurality of candidate catalysts, where each of the plurality 
of different candidate catalysts comprises, or alternatively 
consists essentially of, a iirst redox component, a second 
redox component and a dispersanl component. The first 
redox component is an easily reducible redox component. 
The second redox component is a difficult to reduce redox 
component. The dispersanl component can also have an 
acidic functionality, and can be provided, for example, as 
supports, such as alumina, litania, zircon ia, or silica. Pre- 
ferred Iirst redox components, second redox components, 
and dispersanls are preferably selected from the groups 
listed in Table IB, respectively. Such a platform can be 
applied, for example, to investigate am mo xid at ions, hydro- 
carbon dehydrogenalion or oxidation to oxygenates. 



TABLli IB 



Redox 1 - 


• Rcdox2 - Dispersanl 


Platform 


First Redox 
Component 


Second Redox 
Component 


Dispersanl 


V 


Sb 


si 


Mo 


Sn 


Al 


Cr 


In 


■n 


Mn 


Nh 


Z.r 


Ni 


w 


Til 


Cu 


Pb 


l> 




Hi 




Cc 


Ve 




Ag 


he 




Ku 







[0143] Noble Melal-(Noble Metal, Melal Oxide)- Metal 
Oxide 

[0144] Another library screening platform can comprise a 
plurality of candidate catalysts, where each of the plurality 
of different candidate catalysts comprises, or alternatively 
consists essentially of either (i) a Iirst noble metal compo- 
nent, a second noble melal component and a metal oxide 
component, or alternatively, (ii) a noble melal component, a 
first metal oxide component, and a second metal-oxide 
component. The melal oxide component can be a transition 
metal oxide, a rare -earth melal oxide, an alkaline earlh metal 
oxide or other melal oxide. The melal oxide can be provided 
as a separate component of a catalyst precursor, including, 
for example, as supports, such as alumina, tilania, zircon ia, 
or silica. Preferred noble metals include Pi, Pd, Ru, Rh, lr, 
Au and Ag. 

[0145] Functional Factors 

[0146] Another library screening platform can comprise a 
plurality of candidate catalysts, where each of the plurality 
of different candidate catalysts comprises, or alternatively 
consists essentially of components identified as being of 
functional importance for heterogeneous catalysis reactions, 
in particular, for ammoxidation and hydrocarbon oxidation 
to oxygenates. The components can be selected from one or 
more of a redox component, a hydrogen abstraction com- 
ponent, a stabilizer component, an oxygen -insertion com- 
ponent, a host component, and a modifier component, as 
well as optional dispersanls and/or binders, and preferably 
selected from the groups listed in Table 1(\ respectively. 
Such a platform can be applied, for example, to investigate 
oxidation and/or ammoxidation catalysis reactions. 

TAB LIZ 1C 



Functional- Factors Based Platform 



Hydrogen Oxygen 



Redox 


Abstraction 


Stabil iicer 


Insertion 


Host 


Modifier 


Fe 


Hi 




Mo 


Co 


alkali 


Cc 


Te 


As 


W 


Nt 




Cr 


In 


Sb 


V 


Mg 




Sm 




Nb 


Mn 






lo 




Sn 








Pr 




Pb 









[0147] An alternative library screening platform, based on 
a modification of the above factors, can comprise a plurality 
of candidate catalysis, where each of Ihe plurality of dilVer- 
ent candidate catalysts comprises, or alternatively consists 
essentially of live components, including a redox compo- 
nent, a hydrogen abstraclion component, an oxygen- inser- 
tion component, a host component, and a dispersanl com- 
ponent, and preferably selected from the groups listed in 
Fable 10, respectively. Such a platform can be applied, for 
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example, 


In investigate oxidation 


a ncl/or 


ammoxiclation 


catalysis reactions. 








TAHI.Ii ID 








hunctionstl-FnctorK l$;iscd Platform 






Hydrogen Oxygen 






Redox 


Abstraction Insertion 


1 losl 


Dispersnnl 


hi- 


Iti Mo 


Co 


Si 


re 


Tc V 


Ni 


Al 


C'r 


In Mn 


Hi 


n 


Sh 


W 


Mo 


z> 


Sn 








Nb 








l>b 









[0148] Oilier features, objects and advantages of the 
present invention will be in part apparent to those skilled in 
art and in part pointed out hereinafter. All references cited in 
the instant specification are incorporated by reference for all 
purposes. Moreover, as the patent and non-patent literature 
relating to the subject matter disclosed and/or claimed herein 
is substantial, many relevant references are available to a 
skilled artisan that will provide further instruction with 
respect to such subject matter. 

[0149] In light of the detailed description of the invention 
and the examples presented above, it can be appreciated that 
the several objects of the invention are achieved. 

[0150] The explanations and illustrations presented herein 
are intended hi acquaint others skilled in the art with the 
invention, its principles, and its practical application. 'Itiose 
skilled in the art may adapt and apply the invention in its 
numerous forms, as may be best suited to the requirements 
of a particular use. Accordingly, the specific embodiments of 
the present invention as set forth are not intended as being 
exhaustive or limiting of the invention. 

We claim: 

1. A method for evaluating process conditions for a 
catalyzed chemical reaction in a parallel How reactor, the 
method comprising 

simultaneously supplying one or more reactanls to each of 
six or more reactors of a parallel How reactor under 
reaction conditions to effect a chemical reaction of 
interest, each of the six or more reactors comprising a 
catalyst having activity for the chemical reaction, each 
of the six or more catalysts having substantially the 
same composition, 

controllably varying a set of reaction conditions between 
each of the six or more reactors, the varied set of 
reaction conditions comprising (i) at least three differ- 
ent space velocities or contact times or combinations 
thereof, and (ii) at least two different temperatures, 
pressures or feed compositions, 

simultaneously discharging a reactor effluent from each of 
the six or more reactors, and 

analyzing the reactor effluent from each of the six or more 
reactors to determine the conversion of one or more 
reactanls and the selectivity for one or more products of 
the chemical reaction of interest in each of the reactors. 



2. The method of claim I wherein Ihe set of read ion 
conditions are varied such that a determined conversion of 
a conversion-limiting reaetant for the six or more reactions 
includes a range of values that span al least about 10% 
conversion dilTerence. 

3. The method of claim I wherein the set of reaction 
conditions are varied such lhal a determined conversion of 
a conversion-limiting reaelanl for the six or more reactions 
includes a range of values that span at least about 20% 
conversion di Here nee. 

4. The method of claim 1 wherein the set of reaction 
conditions are varied such that a determined conversion of 
a conversion- limiting reaelanl for the six or more reactions 
includes a range of values that span a I least about 40% 
conversion di lie re nee. 

5. The method of claim I wherein the set of read ion 
conditions are varied such lhal a determined conversion of 
a conversion-limiting reaetant for the six or more reactions 
includes a range of six values ranging from less than about 
20% to more than about 40%. 

6. The method of claim 1 wherein the set of reaction 
conditions are varied such lhal a determined conversion of 
a conversion-limiting reaetant for the six or more reactions 
includes a range of six values ranging from less than about 
10% to more than about 50%. 

7. The method of claim 1 wherein the set of reaction 
conditions are varied such lhal a determined conversion of 
a conversion- limiting reaelanl for ihe six or more reactions 
includes a range of six values ranging from less than about 
10% to more Than about 70%.. 

H. The method of claim I wherein the set of reaction 
conditions are varied such thai a determined conversion of 
a conversion- limiting reaetant for Ihe six or more reactions 
includes a range of six values ranging from less than about 
2% lo more lhan about 5%. 

9. The method of claim 1 wherein the set of reaction 
conditions are varied such that a determined conversion of 
a conversion-limiting reaelanl for the six or more reactions 
includes a range of six values ranging from less lhan about 
1% to more than about 10%. 

10. The method of elaim 1 wherein the reactor ellluenl 
from each of the six or more reactors are simultaneously 
analyzed. 

11. The method of claim 1 wherein the varied set of 
reaction conditions comprises (i) a I least three different 
space velocities, and (ii) al least two different temperatures. 

12. The method of claim 1 wherein ihe varied set of 
reaction conditions comprises (i) al least three d liferent 
space velocities, and (ii) al leasl two different pressures. 

13. The method of claim 1 wherein the varied set of 
reaction conditions comprises (i) al leasl three di lie rent 
space velocities, and (ii) al leasl two different feed compo- 
sitions. 

14. The method of claim 1 wherein the varied set of 
reaction conditions comprises (i) al leasl ihree di lie rent 
contact limes, and (ii) at least two different lemperalurcs. 

15. The method of claim 1 wherein the varied sel of 
reaction conditions comprises (i) al leasl ihree different 
contact times, and (ii) at least two different pressures. 

16. The method of claim I wherein Ihe varied sel of 
reaction conditions comprises (i) at least three different 
contact times, and (ii) al leasl two different feed composi- 
tions. 
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17. The method of claim 1 wherein 

one or mt>rc rcactanls arc simultaneously supplied It) each 
of iwelve or more reactors of a parallel How reaclor 
under reaction conditions to oiled a chemical reaction 
ol* interest, each of the iwelve or more reactors com- 
prising a catalyst having activity Tor the chemical 
reaction, each of I he twelve or more catalysis having 
substantially the same eomposilion, 

a lirst set of reaction conditions is conlrollably varied 
between each of a lirst set of six or more reactors, the 
first set of reaction conditions comprising (i) at least 
three different space vch tcilics, and (ii) at least two 
dilVerenl temperatures, the method further comprising 

conlrollably varying a second set of reaction conditions 
between each of a second set of six or more reactors, 
the second set of reaction conditions comprising (i) at 
leasl three diilercnl space velocities, and (ii) at least 
two di lie rent feed compositions. 

18. The method of claims 1 or 17 wherein each of the 
catalysts are prepared under substantially the same condi- 
tions. 

19. The method of claims 1 or 17 wherein each of the 
catalysts are substantially ihe same catalysts. 

20. A method for evaluating process conditions for a 
catalyzed chemical reaction in a parallel How reaclor, ihe 
method comprising 

simultaneously supplying one or more rcactanls to each of 
six or more reactors of a parallel How reactor under 
reaction conditions to effect a chemical reaction of 
interest, each of the six or more reactors comprising a 
catalyst having activity for the chemical reaction, each 
of the six or more catalysts having substantially the 
same composition, 

conlrollably varying a set of reaction conditions between 
each of ihe six or more reactors, the varied set of 
reaction conditions comprising (i) at least three diiler- 
cnl space velocities, and (ii) at least two dilVerenl 
contact limes, 

simultaneously discharging a reactor effluent from each of 
the six or more reactors, and 

analyzing the reaclor effluent from each of the six or more 
reactors to determine the conversion of one or more 
rcactanls and the selectivity for one or more products of 
the chemical reaction of interest in each of the reactors. 

21. The method of claim 20 wherein ihe set of reaction 
conditions are varied such that a determined conversion of 
a conversion-limiting reaclanl for ihe six or more reactions 
includes a range of values that span at least about 10% 
conversion di lie re nee. 

22. The method of claim 20 wherein Ihe set of reaction 
conditions are varied such thai a determined conversion of 
a conversion-limiting reaclanl for the six or more reactions 
includes a range of values that span at least about 20% 
conversion difference. 

23. The method of claim 20 wherein the set of reaction 
conditions are varied such that a determined conversion of 

— a conversion-limiting reaclanl for the six or more reactions 
includes a range of six values ranging from less lhan about 
2% to more than about 5%. 

24. The method of claim 20 wherein the set of reaction 
conditions are varied such that a determined conversion of 



a convcrsion-limiling reaclanl for the six or more read ions 
includes a range of six values ranging from less lhan ahoul 
1% lo more than about 10%. 

25. The method of claim 20 wherein the sel of reaction 
conditions are varied such thai a determined conversion of 
the conversion -limiting reaclanl for ihe six or more reactions 
includes a range of six values ranging from less lhan aboul 
20% lo more than about 40%. 

26. The method of claim 20 wherein the range of six 
values for ihe determined eon version ran lies from aboul 
J0% lo aboul 50%. 

27. A method for evaluating process conditions for a 
catalyzed chemical reaction in a parallel How reaclor, the 
me I htxl comprising 

simultaneously supplying one or more rcactanls to each of 
iwelve or more reactors of a parallel How reactor under 
reaction conditions to effect a chemical reaction of 
interest, each of the iwelve or more reactors comprising 
a catalyst having aclivity for the chemical reaction, a 
lirst sel of six or more of Ihe calalysls having substan- 
tially the same first composition, a second set of six or 
more of the catalysis having substantially the same 
second composition, ihe second composition being 
different from the first composition, 

conlrollably varying a first sel of reaction conditions 
between each of the six or more reactors comprising the 
first sel of catalysts, the varied first sel of reaction 
conditions comprising (i) at leasl three different space 
velocities or con lad times or combinations thereof, and 
(ii) at leasl two different temperatures, pressures or feed 
compositions, 

conlrollably varying a second sel of reaction conditions 
between each of the six or more reaclors comprising the 
second sel of calalysls, Ihe varied second sel of reaction 
conditions comprising (i) at least three differenl space 
velocities or contact limes or combinations thereof, and 
(ii) at least two different tempera lures, pressures or feed 
compositions, 

simultaneously discharging a reaclor ellluenl from each of 
the iwelve or more reaclors, and 

analyzing the reactor eflluent from each of the twelve or 
more reactors lo determine the conversion of one or 
more rcactanls and ihe selectivity for one or more 
products of the chemical reaction of interest in each of 
the reactors. 

2H. The method of claim 27 wherein ihe first set of 
reaction conditions are varied such that a determined con- 
version of a conversion-limiting reaclanl for the six or more 
read ions catalyzed by the lirst set of calalysls includes a 
range of values lhat span at least aboul 10% conversion 
difference, and the second set of reaction conditions are 
varied such that the dclermined conversion of the conver- 
sion-limiting react ant for the six or more reactions catalyzed 
by the second sel of calalysls includes a range of values lhat 
span at least about 10% con version difference. 

29. The method of claim 27 wherein the lirsl sel of 
reaction conditions are varied such lhat determined conver- 
sion of a conversion-limiting reaclanl for Ihe six or more 
reactions catalyzed by the lirst set of calalysls includes a 
range of values that span at leasl aboul 20% conversion 
difference, and the second set of reaction conditions are 
varied such that the determined conversion of the conver- 
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sioivlimiling read an I lor l he six or more relictions catalyzed 
by the second set of catalysis includes a range of values that 
span al least about 20% conversion di Here nee. 

30. The method of claim 27 wherein the first set of 
reaction conditions are varied such that a determined con- 
version of a conversion-limiting react ant lor the six or more 
reactions catalyzed by the first set of catalysis includes a 
range of values thai span at least about 40% conversion 
difference, and the second set of reaction conditions arc- 
varied such that the determined conversion of the conver- 
sion- limiting react ani lor the six or more reactions catalyzed 
by the second set of cat :i lysis includes a range of values thai 
span al least about 40' v conversion difference. 

31. The method of claim 27 wherein the first set of 
reaction conditions arc varied such thai a determined con- 
version of a conversion-limiting reaclant for the six or more 
reactions catalyzed by the first set of catalysts includes a 
range of six values ranging from less lhan about 20% to 
more than about 40'/? , and the second set of reaction 
conditions are varied such that the determined conversion of 
the conversion-limiling reaclant for the six or more reactions 
catalyzed by the second set of catalysts includes a range of 
six values ranging from less than about 20% to more lhan 
about 40%. 

32. The method of claim 27 wherein the first set of 
reaction conditions are varied such that a determined con- 
version of a conversion-limiting reaclant for ihe six or more 
reactions catalyzed by the first set of catalysts includes a 
range of six values ranging from less lhan about 10% to 
more than about 50%, and ihe second set of reaclion 
conditions are varied such that the determined conversion of 
ihe conversion-limiting reaclant for the six or more reactions 
catalyzed by the second scl of catalysis includes a range of 
six values ranging from less lhan aboul 10% to more than 
about 50%. 

33. The method of claim 27 wherein the lirsl sel of 
reaclion conditions are varied such that a delermined con- 
version of a conversion-limiting reaclant for the six or more 
reactions catalyzed by the lirsl set of catalysis includes a 
range of six values ranging from less than aboul 10%. lo 
more than aboul 70%, and ihe second sel of reaclion 
conditions are varied such thai the determined conversion of 
the conversion-limiting reaclant for ihe six or more reactions 
catalyzed by the second sel of catalysis includes a range of 
six values ranging from less lhan aboul 10% lo more lhan 
aboul 70%. 

34. The method of claim 27 wherein ihe first sel of 
read ion conditions are varied such that a delermined con- 
version of a conversion-limiting reactani for the six or more 
react ions catalyzed by ihe first set of catalysts includes a 
range of six values ranging from less lhan aboul 2% lo more 
than aboul 5%, and ihe second sel of reaction conditions are 
varied such that ihe delermined et >n version of the conver- 
sion-limiling reaclant for the six or more reactions catalyzed 
by the second sel of catalysis includes a range of six values 
ranging from less lhan about 2'// lo more than aboul 5%. 

35. file method of claim 27 wherein the first sel of 
react ion conditions are varied such thai a delermined con- 
version of a conversion -limiting reaciani for ihe six or more 
read ions catalyzed by the lirsl set of catalysts includes a 
range of six values ranging from less lhan about !% lo more 
lhan aboul 10%, and ihe second sel of reaclion conditions 
are varied such thai the delermined conversion of ihe 
conversion-limiling reaclant for the six or more read ions 



catalyzed by the second sel of catalysts includes a range of 
six values ranging from less lhan aboul 1% lo more lhan 
aboul 10%. 

36. The method of claim 27 wherein the reaclor effluent 
from each of the iwelve or more reaclors are simultaneously 
analyzed. 

37. JTic method of claim 27 wherein the varied lirsl and 
second sets of reaclion conditions each comprise (i) at least 
ihrec different space velocities, and (ii) a I leasi two different 
temperatures. 

38. llic melhod of claim 27 wherein the varied first and 
second sets of reaclion conditions each comprise (i) al leasi 
Ihrec different space velocities, and (ii) al least two different 
pressures. 

39. 'Hie method of claim 27 wherein the varied lirsl and 
second sels of reaclion conditions each comprise (i) al least 
Ihrec different space velocities, and (ii) al least iwo dillcrcnt 
feed compositions. 

40. The melhod of claim 27 wherein the varied first and 
second sels of reaclion conditions each comprise (i) al leasi 
three dilferenl contact limes, and (ii) al leasi two different 
temperatures. 

41. 'ITic melhod of claim 27 wherein Ihe varied first and 
second sels of reaclion conditions each comprise (i) at least 
ihrec dill ere n I contact times, and (ii) a I least two different 
pressures. 

42. JTic melhod of claim 27 wherein the varied first and 
second sels of reaction conditions each comprise (i) a I least 
three different contact times, and (ii) al leasi I wo di He rent 
feed compositions. 

43. The method of claim 27 wherein each of the six or 
more catalysts of the lirsl sel of catalysts are prepared under 
substantially the same first sel of preparation conditions, and 
each of Ihe six or more catalysis of the second sel of catalysis 
are prepared under substantially the same second set of 
preparation conditions, the first sel and second sel of prepa- 
ration conditions being Ihe same as or different from each 
olher. 

44. The melhod of claim 27 wherein each of the six or 
more catalysis of the first sel of catalysts are substantially the 
same lirst catalysis, and each of Ihe six or more ca la lysis of 
ihe second sel of catalysis are substantially the same second 
catalysts. 

45. A melhod for evaluating process condilions for a 
calalyzed chemical reaclion in a parallel How reaclor, the 
melhod comprising 

simultaneously supplying one or more reaclants to each of 
iwelve or more reaclors of a parallel How reactor under 
reaclion condilions lo cflccl a chemical reaclion of 
interest, each of the iwelve or more reaclors comprising 
a calalysl having activity for the chemical reaclion, a 
lirsl sel of six or more of ihe catalysts having subslan- 
lially the same lirsl composition, a second sel of six or 
more of ihe calalysts having substantially the same 
second composition, the second composition being 
dilferenl from the first composition, 

controllably varying a first set of reaclion condilions 
be l ween each of the six or more reaclors comprising the 
lirsl set of calalysts, the varied lirsl set of reaclion 
conditions comprising (i) a I least three dilferenl space 
velocities, and (ii) at least two dilferenl contact limes, 

conlrollably varying a second sel of reaclion condilions 
between each of the six or more reactors comprising the 
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second set of catalysts, the varied second set of reaction 
conditions comprising (i) at least three di ttc rent space 
velocities, and (ii) at least two different contact limes, 

simultaneously discharging a reactor ellluenl from each of 
the twelve or more reactors, and 

analyzing the reactor diluent from each of the twelve or 
more reactors to determine the conversion of one or 
more react ants and the selectivity for one or more 
products of the chemical reaction of interest in each of 
the reactors. 

46. The method of claim 45 wherein the first set of 
reaction conditions are varied such that a determined con- 
version of a conversion-limiting react ant for the six or more- 
reactions catalyzed by the first set of catalysis includes a 
range of six values that span at least about 10% conversion 
difference, and the second set of reaction conditions being 
varied such that the determined conversion of the conver- 
sion-limiting reaclanl for the six or more reactions catalyzed 
by the second set of catalysts includes a range of six values 
that span at least about 10% conversion difference. 

47. The method of claim 45 wherein the first set of 
react ion conditions are varied such that a determined con- 
version of a conversion-limiting reaetanl for the six or more 
react ions catalyzed by the first set of catalysts includes a 
range of six values that span at least about 20%- conversion 
difference, and the second set of reaction conditions being 
varied such that the determined conversion of the conver- 
sion-limiting reaclanl for the six or more reactions catalyzed 
by Ihe second set of catalysts includes a range of six values 
that span al least about 20% conversion dilference. 

48. The method of claim 45 wherein the first set of 
reaction conditions arc varied such thai a determined con- 
version of a conversion-limiting reaclanl for the six or more 
reactions catalyzed by the first set of ca la lysis includes a 
range of six values ranging from less than about 20% to 
more than about 40%, and ihe second set of reaction 
conditions are varied such that the determined conversion of 
the conversion-limiting reaclanl for the six or more reactions 
catalyzed by the second set of catalysts includes a range of 
six values ranging from less than about 20% to more than 
about 40%. 

49. The method of claim 45 wherein the first set of 
reaction conditions are varied such that a determined con- 
version of a conversion-limiting reaclanl for ihe six or more 
reactions catalyzed by ihe first set of catalysts includes a 
range of six values ranging from less than about 10% to 
more than about 50%, and the second set of reaction 
conditions being varied such that the determined conversion 
of the conversion-limiting reaclant for the six or more 
reactions catalyzed by the second set of catalysts includes a 
range of six values ranging from less than about J0% to 
more than about 50%. 

50. The method of claim 45 wherein the first set of 
reaction conditions are varied such lhat a determined con- 
version of a conversion-limiting reaclanl for Ihe six or more 
reactions catalyzed by the first set of catalysts includes a 
range of six values ranging from less than about 2% to more 
than about 5%, and the second set of reaction conditions 
being varied such thai the determined conversion of the 
conversion-limiting reaclant for ihe six or more reactions 
catalyzed by the second set of catalysis includes a range of 
six values ranging from less than about 2% to more than 
about 5%. 



51. The method of claim 45 wherein the first set of 
read ion conditions are varied such thai a determined con- 
version of a conversion-limiling reaclant for ihe six or more 
react ions catalyzed by the lirst set of catalysts includes a 
range of six values ranging from less than about 1% to more 
than about J0%, and Ihe second set of reaction conditions 
being varied such that the determined conversion of the 
conversion-limiting reaclanl for the six or more reactions 
catalyzed by the second sel of catalysts includes a range of 
six values ranging from less than about 1% to more than 
about 10%. 

52. A method for evaluating process conditions for a 
catalyzed chemical reaction in a parallel How reactor, the 
method comprising 

simultaneously supplying one or more reactants to each of 
sixleen or more reactors of a parallel How reactor under 
reaction conditions to elfect a chemical reaction of 
interest, each of the sixleen or more reactors compris- 
ing a catalyst having activity for the chemical reaction, 
the sixleen or more reaclors comprising a lirst set of 
four or more of Ihe catalysts having substantially the 
same first composition, a second sel of four or more of 
the catalysts having substantially Ihe same second 
composition, a third sel of four or more of the ca la lysis 
having substantially the same third composition, and a 
fourth set of four or more of Ihe catalysts having 
substantially the same fourth composition, each of the 
lirst composition, the second composition, the third 
composition and the fourth composition being dilferenl 
from each other, 

cont roll ably varying a sel of reaction conditions between 
each of the sixteen or more reactors, the varied sel of 
reaction conditions comprising (i) al leasl four different 
space velocities or contact times or combinations 
thereof, and (ii) at least four dilferenl temperatures, 
pressures or feed compositions, the set of reaction 
conditions being varied such thai at least one catalyst 
from each of the first, second, third and fourth sets of 
catalysts catalyzes the chemical reaction under each of 
the al leasl four different space velocities or contact 
limes or combinations thereof, and under each of the al 
least four di lie rent tern pera lures, pressures or feed 
compositions, 

simultaneously discharging a reactor diluent from each of 
the sixteen or more reaclors, and 

analyzing the reactor ellluenl from each of ihe sixleen or 
more reaclors to determine the conversion of one or 
more reactants and the select ivily for one or more 
products of the chemical reaction of interest in each of 
the reactors. 

53. The method of claim 52 wherein the set of reaction 
conditions is varied such thai a determined conversion of a 
conversion-limiling reaclanl for each of (a) the four or more 
reaciions calalyzed by the first set of catalysis, (b) ihe four 
or more reaciions calalyzed by ihe second set of catalysts, 
(c) the four or more reactions calalyzed by ihe third sel of 
catalysts, and (d) Ihe four or more reaciions calalyzed by the 
forth sel of catalysts, includes a range of six values that span 
a I leasl about 10% conversion dilference. 

54. The method of claim 52 wherein the set of reaction 
conditions is varied such that a determined conversion of a 
conversion-limiling reaclanl for each of (a) ihe four or more 
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road ions catalyzed by the first set of catalysts, (b) the lour 
or more reactions catalyzed by the second set of catalysts, 
(c) the four or more reactions catalyzed by the third set of 
catalysts, and (d) the four or more reactions catalyzed by the 
forth set of catalysts, includes a range of six values that span 
at least about 20% conversion difference. 

55. The method of claim 52 wherein the set of reaction 
conditions is varied such that a determined conversion of a 
conversion-limiting reactani for each of (a) the four or more 
reactions catalyzed by the lirst set of catalysts, (b) the four 
or more reactions catalyzed by the second set of catalysts, 
(c) the four or more reactions catalyzed by the third set of 
catalysts, and (d) the four or more reactions catalyzed by the 
forth set of catalysts, includes a range of six values that span 
at least about 4(1% conversion difference. 

56. The method of claim 52 wherein the set of reaction 
conditions is varied such that a determined conversion of a 
con version- limiting reactani for each of (a) the four or more 
reactions catalyzed by the first set of catalysts, (b) the four 
or more reactions catalyzed by the second set of catalysis, 
(c) the four or more reactions catalyzed by the third set of 
catalysts, and (d) the four or more reactions catalyzed by the 
forth set of catalysts, includes a range of six values ranging 
from less than about 2(1% to more than about 40%.. 

57. The method of claim 56 wherein range of six values 
ranges from less than about 10% to more than about 50%. 

5S. The method of claim 56 wherein range of six values 
ranges from less than about 10% to more than about 70%.. 

59. The method of claim 52 wherein the set of reaction 
conditions is varied such that a determined conversion of a 
conversion-limiting reactani for each of (a) the four or more 
reactions catalyzed by the first set of catalysis, (b) the four 
or more reactions catalyzed by the second set of catalysis, 
(c) the four or more reactions catalyzed by the third sel of 
catalysis, and (d) the four or more reactions catalyzed by the 
forth set of catalysis, includes a range of six values ranging 
from less lhan about 2%. to more than about 5%. 

60. The method of claim 52 wherein the sel of reaction 
conditions is varied such thai a determined conversion of a 
conversion-limiting reactani for each of (a) the four or more 
reactions catalyzed by the first sel of catalysts, (b) the four 
or more reactions catalyzed by ihe second sel of catalysis, 
(c) Ihe four or more reactions catalyzed by the ihird set of 
catalysis, and (d) the four or more reactions catalyzed by the 
forth set of catalysis, includes a range of six values ranging 
from less lhan about 1%. to more lhan about 10%. 

61. The melhod of claim 52 wherein one or more reaclanis 
are simultaneously supplied to each of twenty or more 
reactors of a parallel How read or lo c licet the chemical 
reaction of interest, each of ihe twenty or more reactors 
comprises a catalyst having activity for the chemical reac- 
tion, and four or more of ihe reaclors comprise a reference 
set of four or more reference catalysts having substantially 
the same reference composition, each of the four or more 
reference catalysis calalyzing the chemical reaction under 
reaction conditions thai correspond lo four or more of Ihe 
conirollably varied reaction conditions. 

62. The melhod of claim 61 further comprising, for at 
least one of the first, second, third or fourth catalyst com- 



positions, interpolating or cxtrapolaling at least a portion of 
a master curve for ihe reaction of inieresi defined by a plot 
of the delcrmined selectivity versus ihe determined conver- 
sion of ihe reaction of inieresi for I he at least one catalyst 
composition. 

63. The melhod of claim 62 wherein at least a portion of 
the master curve is interpolated or exlrapolaled by compari- 
son with a master curve for ihe eighl or more reference 
catalysis. 

64. The melhod of claim 52 wherein one or more reaclanis 
are simultaneously supplied lo each of twenty or more 
reactors of a parallel How reactor to elfeci the chemical 
reaction of interest, at leasi sixteen or more reactors com- 
prises a catalyst having activity for the chemical reaction, 
and at least two or more of ihe reaclors are blank reactors 
having an essential absence of catalysis having activity for 
the reaction of inieresi. 

65. The method of claim 52 wherein the reactor efUuenl 
from each of the twelve or more reactors are simultaneously 
analyzed. 

66. The melhod of claim 52 wherein the varied sel of 
reaction conditions comprises (i) at least three different 
space velocities, and (ii) at least iwo different tempera! urcs. 

67. The melhod of claim 52 wherein ihe varied sel of 
reaction conditions comprises (i) at leasl three different 
space velocities, and (ii) at least two dillerent pressures. 

68. The melhod of claim 52 wherein the varied sel of 
reaction conditions comprises (i) at leasl three different 
space velocities, and (ii) at leasl Iwo dillerent feed compo- 
sitions. 

69. The melhod of claim 52 wherein Ihe varied sel of 
reaction conditions comprises (i) at leasl three different 
contact limes, and (ii) al leasl iwo different temperatures. 

70. The melhod of claim 52 wherein the varied sel of 
reaction conditions comprises (i) at least three dillerent 
contact limes, and (ii) al leasl iwo dillerent pressures. 

71. The melhod of claim 52 wherein the varied set of 
reaction conditions com prises (i) at least three different 
contact limes, and (ii) at least two different feed composi- 
tions. 

72. The melhod of claim 52 wherein one or more reaclanis 
are simultaneously supplied lo each of Iwenty-four or more 
reaclors of a parallel How reactor to ciTect ihe chemical 
reaction of interest, each of the twenty-four or more reaclors 
comprises a catalysi having activity for ihe chemical reac- 
tion, and ihe varied set of read ion conditions comprise (i) al 
leasl six dillerent space ve loci lies or contact limes or com- 
binations thereof, and (ii) al leasl four difTcrenl tempera- 
tures, pressures or feed compositions, the sel of reaction 
conditions being varied such thai a I leasl one catalyst from 
each of ihe first, second, third and fourth sets of ca I a lysis 
ealalyzes ihe chemical reaction under each of ihe al leasl six 
dillerent space velocities or contact times or combinations 
thereof, and under each of the al least lour diiTcrcnl tem- 
peratures, pressures or feed compositions. 
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